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From the editor:   

Welcome to the last printing of the Tomato Genetics Cooperative. In case you 
�K�D�Y�H�Q�¶�W�� �K�H�D�U�G, the TGC will be available only in electronic format after 2009 due to 
changes in the academic world that have resulted in the submission of too few research 
reports. The legacy of the TGC has been impressive; in large part this journal has laid 
the foundation for tomato becoming a model crop for genetic studies. However, in 
�W�R�G�D�\�¶�V���Z�R�U�O�G���W�K�H�U�H���D�U�H many other outlets for the publishing of tomato research and the 
storage of genetic information. In my as usual outspoken opinion, there is too much 
administrative pressure for public scientists to publish �L�Q�� �³�K�L�J�K�� �L�P�S�D�F�W�´��[sic] journals 
which in reality is mostly smoke and mirrors for a bean counting process. For whatever 
reason, time is limited for tomato researchers and it seems the value of publishing here 
is not what it used to be.  But all is not lost, it is just time to adapt and move ahead. I 
have enjoyed being editor and look forward to keeping the electronic version of TGC 
alive on the TGC website http://tgc.ifas.ufl.edu/. I encourage all to submit reports and 
varietal pedigrees in future years! Thanks to those who submitted reports for this 
volume.  

In commemoration of this final printing, it seemed appropriate that we look back to 
the beginning of the Tomato Genetics Cooperative. You can do this by reading the 
entertaining Feature Article that was written by one of the founders and the longest 
standing member of the TGC, Dr. Allan Burdick. It was he and fellow graduate student 
Don Barton who went to Charley Rick with the concept of forming a Tomato Genetics 
Cooper�D�W�L�Y�H�«���D�Q�G���W�K�H���U�H�V�W���L�V���K�L�V�W�R�U�\���� 

Finally, I want to express my appreciation to Dolly Cummings who skillfully keeps track 
of all our records and who puts the TGC Volume together. Also thanks go to Christine 
Cooley who, along with Dolly, works on the website and who helped with the cover of 
this issue. Your input on any TGC matters is welcome.  
 
 
Jay W. Scott 
Managing Editor 
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My contact information: 
    Jay W. Scott, Ph.D. 

University of Florida/IFAS     
Gulf Coast Research & Education Center 

    14625 CR 672 
    Wimauma, FL 33598 USA 
    Phone; 813-633-4135 
    Fax: 813-634-0001 
    Email: jwsc@ufl.edu 
 
 
 

 

Upcoming Tomato Related Meetings  

 

24th Annual Tomato Disease Workshop, Nov. 3-5, 2009 State College, 
Pennsylvania,USA 

 http://guest.cvent.com/EVENTS/Info/Summary.aspx?e=dcf7cea9-4cc3-47da-
ba05-2dec9005bc44 

Sixth Solanaceae Genome Workshop, Nov. 8-13, 2009 New Delhi, India 
http://www.sol2009.org/ 

3rd International Symposium on Tomato Diseases, July 25-30, 2010 Ischia, 
Naples Italy http://www.3istd.com 
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 Grant Opportunity:  

Request for Proposals for Tomato Germplasm Evaluation 

Funding is expected to be available again in fiscal year 2010 for evaluation of tomato 
germplasm.  Proposals must be submitted through the Tomato Crop Germplasm 
Committee (CGC).  All proposals will be evaluated according to the national need for 
evaluation data, the likelihood of success, and the likelihood that the data will be 
entered into GRIN and shared with the user community.  When all other factors are 
equal, preference for funding will be given to supporting those proposals forwarded by 
CGCs that have not received prior funding.  Proposals will be reviewed by the CGC and 
forwarded to the USDA for consideration.  Proposals must be returned to the CGC 
Chair (Majid Foolad) by October 30, 2009 so that reviews and rankings can be 
forwarded to the USDA in Beltsville on time. Evaluation priorities established by the 
CGC will provide review criteria.   
These criteria were revised in 2006, and applicants are encouraged to review  
(http://www.ars-grin.gov/npgs/cgc_reports/tomatocgc2006evalpriorities.html ).  Because 
of limited funds, the USDA cannot support all proposals submitted.  Consequently, 
please be very frugal in your request for funds.  In recent years, the USDA has limited 
budget allocations to $15,000-$18,000 per project annually. 
The proposal format is outlined below.  Please submit proposals electronically as a 
PDF file  to Majid Foolad, CGC Chair, mrf5@psu.edu by October 30, 2009. 

I. Project title and name, title of evaluators. 

II. Significance of the proposal to U.S. agriculture. 

III. Outline of specific research to be conducted including the time frame 
involved �± include the number of accessions to be evaluated. 

IV. Funding requested, broken down item by item.  Budgets should follow 
USDA form ARS454 as funding will be in the form of a specific 
cooperative agreement. No overhead charges are permitted. 

V. Personnel:  

A. What type of personnel will perform the research (e.g. ARS, State, or 
industry scientist; postdoc; grad student, or other temporary help).  

B.  Where will personnel work and under whose supervision. 

VI. Approximate resources contributed to the project by the cooperating 
institution (e.g. facilities, equipment, and funds for salaries).  
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Don Barton and I received our PhDs at the same ceremony in 1949.  General Marshall 
spoke; we did not attend.  Instead we went to Davis to see Charlie Rick and discuss 
starting a TGC.  He agreed reluctantly to think about it.  Destiny lay in the hands of 
Charlie. 

We went off to faculty positions, at Cornell for Don who took Bill Meshanic with him.  I 
went to the University of Arkansas in the Agronomy Department to work on grain 
sorghum and corn.  I played with tomatoes in the greenhouse on the side. 

While at Berkeley Don had a close relationship with Erney Jund, the cytology technician 
for Ernest Babcock, the Chairman and originator of the Genetics Department.  (He and 
Clausen of Stanford wrote a genetics textbook.) 

The department was made up of seven or eight faculty members, all but one of whom 
�Z�H�U�H���%�D�E�F�R�F�N�¶�V���V�W�X�G�H�Q�W�V�������7�K�H���R�Q�H���Z�K�R���Z�D�V���Q�R�W���K�L�V���V�W�X�G�H�Q�W���Z�D�V���/�H�G�\�D�U�G���6�W�H�E�E�L�Q�V�� 

At that time Davis was not yet a campus of the University System.  Charles Rick was 
there in what seemed like an experiment station, breeding tomatoes and other 
horticultural plants. 

�7�K�H�� �³�'�H�S�D�U�W�P�H�Q�W�D�O�� �3�O�D�Q�´�� �I�R�U�� �3�K�'�� �V�W�X�G�H�Q�W�V�� �Z�D�V�� �L�Q�W�H�Q�G�H�G�� �W�R�� �J�L�Y�H�� �W�K�H�P�� �U�H�D�O�O�\�� �E�U�R�D�G��
experience outside their thesis topic.  We, as graduate students were not enthusiastic 
about it - sort of, but we went along. 

It included taking classes in the graduate department of zoology with Curt Stern 
(Drosophila -ugh!) and Goldstein, the philosopher of the Natural Sciences. 

The plan included field trips with Stebbins in the high Sierras - like Mt. Whitney at 
14,494 feet high - and in the Central Valley. Ledyard, we called him, was tall, skinny and 
energetic.  He climbed the mountains with three foot strides; hard for us to keep up. 

�6�X�G�G�H�Q�O�\���K�H���Z�R�X�O�G���V�W�R�S���W�R���S�R�L�Q�W���D�E�R�X�W���������I�H�H�W���D�Z�D�\���D�Q�G���V�K�R�X�W���³�7�K�H�U�H�¶�V���D�Q���(�O�\�P�X�V�����J�H�W 
�L�W���´�����,���U�H�F�D�O�O���J�R�L�Q�J���Z�K�D�W���V�H�H�P�H�G���O�L�N�H���K�D�O�I���Z�D�\���X�S���0�W�����:�K�L�W�Q�H�\�� 

Also among our field trips were two to Davis to talk to Charles Rick.  He breathed and 
respired enthusiasm and knowledge of genetics and breeding, especially tomatoes.  He 
was nothing like our professors at Berkeley - sedate and proper.  Charlie was easy to 
talk to; he listened.  We felt like he was a friend.  Actually, he sat on my final PhD 
committee. 

�-�D�\���� �\�R�X���S�R�V�H�G���D���T�X�H�V�W�L�R�Q���L�Q���\�R�X�U���O�H�W�W�H�U���� �� �³�:�K�D�W���K�D�Y�H���\�R�X�U���J�U�D�G�X�D�W�H���V�W�X�G�H�Q�W�V���G�R�Q�H���I�R�U��
you la�W�H�O�\�"�´���3�U�H�V�L�G�H�Q�W���-�R�K�Q���)�����.�H�Q�Q�H�G�\�������³�$�V�N���Q�R�W���Z�K�D�W���\�R�X�U���F�R�X�Q�W�U�\���F�D�Q���G�R���I�R�U���\�R�X�����D�V�N��
�Z�K�D�W���\�R�X���F�D�Q���G�R���I�R�U���\�R�X�U���F�R�X�Q�W�U�\���´�����,���V�D�L�G���Z�H���G�L�G���Q�R�W���W�K�L�Q�N���P�X�F�K���R�I���W�K�H���³�3�O�D�Q�´���D�W���W�K�H���W�L�P�H������
Now it comes back to me over and over.  It gave us a real education! 
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About the Au thor -Curriculum vita -Allan Burdick  

 

Born:   Cincinnati, OH, 16 August 1920 

Brought up:  Ft. Worth, TX (drug up, as they said)  

High School:   last two years, Flushing, NY 

New Business Department, Wall Street Bank: 9 months 

University:  Iowa State College 1938, �F�O�D�V�V���R�I���µ���� 

WWII:   Enlisted 12 February 1942, Army Air Corp 

   sent to RAF for flight training;  various commands, 

   then 9th Air Force, fighter pilot in England and 

   France, then North Africa, finally home 

   March 1946, rank major. 

   Iowa State awarded 12 credits for Air Force service, 

   enough to graduate me, BS in Animal Husbandry, 

   but my interest was in Genetics the last two years 

   before service. 

Graduate work: Iowa State with Gene Lindstrom on the inheritance of  

   kernel row number in Maize.  Three publications.  MS 1947.   

   (Lindstrom had an interest in tomatoes also.) 

Graduate work: Berkeley, Genetics Department, PhD 1949. 
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Overview of Career  
 

University of Arkansas, 3 years to 1952 
Purdue University, 1952 - 1960, Drosophila, gene structure, tomato mutations by 
thermal neutrons, Brookhaven National Laboratory, Upton, NY 
1959-60 Guggenheim Foundation, Kyoto University, Japan 
1960-63 Dean of Science, American University of Beirut 
1963-66 Chairman, Biology Department, Adelphi University, Garden City, NY 
1966-69 Chairman, Genetics Department, University of Missouri, Columbia, MO 
1969-73 Professor of Genetics, University of Missouri 
1976      Professor of Medical Genetics, clinical studies, University of Missouri 
1986      Professor Emeritus, about 119 publications 

 
Research  
 

 Mammalian, including human, genetics and cytogenetics 
 A possible relationship between X-linked dominant orofacialdigital-I syndrome 

and anhidrotic ectodermal dysplasia (30510) 
 Certain cryptic human bilateral asymmetries as potential polymorphic genetic 

markers 
 Genetics of flaccid periodic paralysis 
 Familial Spastic Paraplegia 
 van der Woude Syndrome 
 Carrier status risk determinations in certain late-onset human genetic disease 

 

Family  

 
Married Sally Cummins, 1943,  
Four children:  Mike, Nancy, Stephen and Lindy 
Sally died April 1983 
Married Elizabeth (Betty) W. Revington, November 1983 
Enjoying a 25-year marriage.   

Picture titled �³�+�D�O�F�\�R�Q���'�D�\�V�´ 

    

Allan and Betty   
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Addendum  
 
The following information was sent via email from Roger Chetelat who has a large file of 
Charley �5�L�F�N�¶�V���F�R�U�U�H�V�S�R�Q�G�H�Q�F�H���D�W���W�K�H���W�L�P�H���R�I���W�K�H���7�*�&�¶�V���I�R�U�P�D�W�L�R�Q�� 
 
In Charley's correspondence with Burdick, I found this in a letter recommending him for 
a position at Purdue: 
  
"...he [Burdick] and Dr. D. W. Barton, a fellow graduate student of his period, conceived 
the idea of a Tomato Genetics Cooperative and successfully organized the group.  
Although they preferred to have me coordinate the cooperative, they both maintain a 
very active interest in it." 
 
I have a thick file of the letters from interested researchers indicating their support for 
the formation of the TGC and listing their research areas.  I don't have a copy of the 
original form letter Charley distributed to the tomato community soliciting this feedback, 
unfortunately.   
  
The Burdick correspondence file is interesting.  He was at Arkansas, then Purdue, and 
starting in 1963 he was Dean at the American Univ. of Beirut (that was apparently the 
end of his tomato research).  
  
 I also found a file with the records of who had paid their dues in each year.  In those 
days the charge was $1.00, which some of the foreign members paid via UNESCO 
dollars (which I'd never heard of).  Many others sent Charley postal stamps (he 
accumulated a fairly massive collection of foreign stamps this way).   
  
The story of the Stubbe mutants is also interesting, and might be worth mentioning.  
Much of this work was conducted by Hans Stubbe in East Germany during the Lysenko 
period, but he managed to pursue Mendelian genetics nonetheless.  We owe a very 
large share of our mutant stocks to Stubbe. 
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greater difference in genome size relative to cultivated tomato than the members of the 
more distantly related section Juglandifolia.  The difference in genome size between S. 
juglandifolium and S. ochranthum is consistent with recent findings that their genomes 
differ by a large chromosomal rearrangement (Albrecht and Chetelat 2009).  Yet there 
was a similar difference in DNA content between S. lycopersicoides and S. sitiens, and 
their genomes appear to be colinear (Pertuze et al. 2002).  There is no correlation with 
ploidy level, since all species are diploids with the same number of chromosomes 
(2n=24).  In other plants, genome size variation has been attributed to differences in the 
rates of amplification and removal of LTR-retrotransposons (Bennetzen et al. 2005).   

 

Table 1.  Nuclear DNA content of some tomato-like nightshade species.  Values are 
from flow cytometry of isolated nuclei.  Published results for three tomato species are 
shown for comparison purposes. 

 

Species 

 

Accession 

 

Sample 

DNA Content 

(pg/2C +/- S.D.) 

S. lycopersicoides LA2951 08L9904 2.43 +/- 0.028 

S. sitiens LA4331 05L5033 2.69 +/- 0.013 

S. juglandifolium LA3322 07L7984 1.75 +/- 0.006 

S. ochranthum LA3649 07L7977 1.96 +/- 0.013 

S. pennellii -- -- 2.47-2.77a 

S. peruvianum -- -- 2.27a 

S. lycopersicum -- -- 1.88-2.07a, 1.9b 

__________________________________________________________________ 

afrom Arumuganathan and Earle, 1991; bfrom Michaelson et al, 1991. 
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entire -2, a mutation on chromosome 10S conferring reduced leaf serration and 
subdivision  

Roger T. Chetelat and Charles M. Rick 

Department of Plant Sciences, University of California, Davis, CA  95616 

Email: trchetelat@ucdavis.edu  

 In 1983, Campbell�¶s R & D in Davis grew an EMS-treated M2 mutagenesis 
population in the variety CX8012 (equivalent to UC204C).  One of us (CMR) surveyed 
the M2 families and discovered a mutant whose phenotype was similar to entire (e):  
broad leaves with reduced subdivision.  Our studies of this mutant, conducted many 
years ago but never published, demonstrated the gene is not an allele of e, but 
represent a new locus, denoted entire-2 (e-2).  Recent interest in this mutant for studies 
of compound leaf development highlighted the need to describe its phenotype, 
transmission, and map location, hence the present research note. 

 The phenotype of e-2 is superficially similar to the original e, but with some 
unique features.  Cotyledons are often subnormal or fused.  The first true leaves have 
fewer lateral segments than wild type and incompletely separated lobes.  The leaf 
margins are undulate and irregularly lobed.  On older leaves the leaf rachis is elongated 
and angled towards the tip of the leaf.  Interstitial leaflets are elongated and enlarged.  
Mature plants produce only a few scattered flowers, with slender parts and other 
abnormalities.  The calyx is enlarged, and anthers are often deformed and sometimes 
adnate to the pistil.  Fertility is low, but sufficient for propagation via homozygotes.  

 Allele tests with e indicated that the new mutation represents a different gene.  
From the cross of e-2 × e (in a stock of ful, e, a, hl), all eight F1 plants had the wild type 
phenotype, with leaf segments well separated, but slightly broader than normal.  In the 
F2 progeny of this allele test, segregation was consistent with the expected 9:3:3:1 ratio 
���$2 = 2.23, Table 1).  Classification of some of the e/e-2 combinations was arbitrary, but 
there was no question that the majority of progeny were wild type for both genes.  Allele 
tests with other leaf shape mutants, such as c, and sf, were not conducted. 

 Transmission of e-2 is relatively normal, with a slight deficiency of mutant 
phenotypes. Our most reliable segregation data came from a BC of the hybrid with S. 
pimpinellifolium (Table 2).  Out of 115 total progeny, only 47 were e-2, less than the 
expected 50%, but just shy significance �D�W�� �W�K�H�� �3������������ �O�H�Y�H�O�� ���$2 = 3.83, df = 1).  In the 
BC of a similar cross to S. pennellii, segregation fit Mendelian expectations (Table 3).  

 Our tests for linkage of e-2 with known markers indicated a map location on the 
short arm of chromosome 10.  The search for linkage was first conducted by crossing e-
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2 to S. pennellii LA0716, the latter providing abundant marker polymorphisms.  The 
results indicated independence vis-à-vis markers on chromosomes 1 (Prx-1, Dia-2), 2 
(Est-1, Prx-2, Fdh-1), 3 (Prx-7), 4 (Pgm-2), 6 (Aps-1), 7 (Got-2), and 8 (Aps-2).  The 
chromosome 10S marker, Prx-4 (Rick and Fobes 1977), on the other hand, showed a 
clear association with e-2, despite the small population size (�$2 = 12.1, P<0.001, Table 
3).  From the co-segregation data, the map distance between e-2 and Prx-4 was 
estimated at 27.5 cM (r=0.25, Figure 1).  Fortuitously, the cultivar in which the mutation 
appeared also carried the chromosome 10S marker gene u, for uniform ripening of the 
fruit (i.e. absence of a green shoulder).  The u �± Prx-4 distance was approx. 19.7cM 
(r=0.19), and the u �± e-2 distance was 24.9 cM (r=0.23), suggesting e-2 could be 
located distal to u and Prx-4.  However, the map distances were not additive in this 
population, possibly because some e-2 genotypes were scored incorrectly (e.g. the S. 
pennellii parent also contains genes for broad, undivided leaves).  

 A more robust test of gene order was obtained by the test cross of e-2, u × S. 
pimpinellifolium LA1575.  This wild species not only provided the dominant alleles for e-
2 and u, but also carries a third chromosome 10 marker, gene h for hairless stems.  
Luckily, h is incompletely dominant over wild type, and can be scored in the 
heterozygous state, as necessitated by this backcross to e-2, u.  The results (Table 2) 
of this three point cross indicated e-2 is located between u and h, at a distance of 14.3 
cM (r=0.139) from the former and 34.0 cM (r=0.3) from the latter (Figure 1).  The 
distance between the outer markers, u and h, was 46.5 cM (r=0.365), close to the sum 
of the internal distances.  Thus, the second linkage test is probably more accurate 
regarding the relative positions of e-2 and u.  The two tests do agree in placing e-2 on 
the short arm of chromosome 10.  Seeds of e-2 (accession 3-705) and its non-mutant 
control (LA3130) are available through the TGRC. 

 

Reference  

Rick, C.M., and J. Fobes (1977) Linkage relations of some isozymic loci.  TGC 27: 22-
24. 
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Figure 1.  Genetic map of the short arm and centromeric region of chromosome 10, 
showing the position of e-2 relative to u (uniform ripening), Prx-4 (Peroxidase-4), and h 
(hairs absent).  The black area indicates the approximate location of the centromere, 
with the short arm above, and long arm (only partially shown) below.  Distances are in 
centiMorgans.    



RESEARCH REPORTS                                                   TGC REPORT VOLUME 59, 2009 

Page 17 

 

Table 1.  Segregation in F2 e-2 × a-hl, clau-e.  Data are from family 92L6207. 

 

Phenotype Observed Expected 

+/+ 48 48.9 

+/e 18 16.3 

e-2/+ 19 16.3 

e-2/e 2   5.5 

________________________________________ 

 

Table 2.  Segregation in BC (u, e-2, + × +, +, h in S. pimpinellifolium) ×u, e-2, +.  The 
mutants u (uniform ripening) and e-2 are linked in coupling phase, with h (hairs absent) 
in repulsion.  SCO = single crossover genotype, DCO = double crossover genotype.  
Data are from family 93L9449. 

 

Type u e-2 h # Plants  

Parental + + +/h 38 

Parental u e-2 + 31 

SCO + + + 18 

SCO u e-2 +/h 12 

SCO u + +/h 9 

DCO + e-2 + 3 

DCO u + + 3 

DCO + e-2 +/h 1 

Total  60 + : 55 u 68 + : 47 e-2 55 + : 60 h 115 
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Table 3.  Segregation of e-2, u, and Prx-4 in BC e-2, u × (F1 e-2, u × S. pennellii 
LA0716).  Data are from family 92L8063. 

 

Type e-2 u Prx-4 # Plants  

Parental e-2 u + 18 

Parental + + +/p 14 

SCO + u + 4 

SCO e-2 u +/p 4 

DCO + u +/p 3 

SCO e-2 + +/p 3 

SCO + + + 1 

DCO e-2 + + 1 

Total  22 + : 26 e-2 19 + : 29 u 24 + : 24 +/p 48 
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Study of  the effect of cytoplasmic male sterility on the expression of B and C 
class floral -identity genes in tomato species and hybrids  
 
Kate Davis, Elizabeth Elmore, Alena James, Pravda Stoeva-Popova 
Department of Biology, Winthrop University, Rock Hill SC 29733 
E-mail: stoevap@winthrop.edu 
 
Introduction  

Cytoplasmic male sterility (CMS) is a phenomenon documented in more than 150 
plant species.  It had been determined that CMS results from a mitochondrial 
dysfunction that leads to the formation of abnormal anthers, pollen abortion or no pollen 
formation  (Schnable, Wise 1998) and is inherited through the female parent. CMS 
plants usually appear normal, vigorous, and indistinguishable from the fertile homolog.  
CMS often affects the size and color of the petals (Andersen 1963, 1964; Petrova et al. 
1999; Farbos et al. 2001; Leino et al. 2003) and may cause homeotic changes in floral 
structures (Kitagawa et al. 1994; Linke et al. 1999; Farbos et al. 2001).  

�$�F�F�R�U�G�L�Q�J���W�R���W�K�H���Z�H�O�O���D�F�F�H�S�W�H�G���³�I�O�R�U�D�O���T�X�D�U�W�H�W�´���P�R�G�H�O���W�K�H���I�R�X�U���F�R�Q�V�H�F�X�W�L�Y�H���Z�K�R�U�O�V��
of plant floral organs (sepals, petals, stamens, and carpel) develop in response to the 
expression of four key classes of floral-identity genes designated as A, B, C and E 
(Coen and Meyerowitz 1991;  Theissen 2001). A and E classes of genes specify sepals; 
A, B and E - petals; B, C and E �± stamens; and C and D �± carpels. Many of these genes 
are highly conserved among dicotyledonous and monocotyledonous species (Chase 
2006). 
AP3 and PI subfamilies of genes are members of the B class of genes and are required 
for petal and stamen identity. The cultivated tomato Solanum lycopersicum has two AP3 
genes: TAP3 and TM6, which demonstrate functional diversification in their roles in the 
development of the flower. TAP3 loss-of-function mutants produce complete 
transformation of the petals into sepal-like structures and of stamens into carpel-like 
organs. The reduction in TM6 function in transgenic plants results in homeotic defects 
primarily in the stamen, and reduced size of the petals. TAP3 is highly expressed in the 
petals and stamens of developing buds, while TM6 is transcribed mainly in stamens and 
carpels. The tomato PI gene (TPI) expression is confined to the stamens and petals of 
buds and is not affected by the down-regulation of TAP3 and TM6 (De Martino et al. 
2006). The study of Mazzucato et al. (2008) demonstrated that the two AP3 genes are 
actively transcribed in mature stamens and their expression is not affected by the 
homeotic phenotype of pat-2 stamens. The same study indicated that TPI expression is 
more pronounced in the wild type mature stamens in comparison to the mutant. Four C 
class genes had been identified in tomato, among which TAG1 is detected at high levels 
during flower development and its expression increases at anthesis (Pnueli et al. 1994; 
Busi et al. 2003). According to Hileman et al. (2006) TAG1 is expressed in the stamens 
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and the petals, while TAGL1 is transcribed in the stamens. Lozano et al. (1998) 
reported that TM6 and TAG1 expression in buds is up-regulated under low temperature 
stress which causes flower aberrations.  

Recent studies had shown that the CMS phenotype is correlated with the 
disturbance in the expression of the nuclear genes that play a role in the development 
of male reproductive organs, particularly the B-class genes involved in the specification 
of petals and stamens (reviewed in Chase 2006). For example,  studies in CMS lines of 
tobacco, carrots, wheat and Brassica napus had found correlations between the down-
regulation of B class genes and the CMS phenotype (Zubko et al. 2001; Linke et al. 
2003; Murai et al. 2002; Teixeira et al. 2005). Interestingly, a comparative global gene 
expression profiling of flower formation in a CMS line of B. napus and its fertile homolog 
revealed that CMS affected not only the expression of floral organ identity genes, but 
also genes implicated in energy production and metabolism; genes, whose products are 
targeted to the mitochondria and genes implicated in the cell-wall remodeling (Carlsson 
et al. 2007). The results of these studies emphasize that the mitochondrial genome of 
the CMS plants strongly influences nuclear gene expression, thus underlining the 
retrograde regulation between the mitochondria and the nucleus.  
 In tomato, CMS does not occur naturally. Few studies had reported CMS plants, 
all resulting from interspecific crosses (Andersen 1963; 1964; Valkova-Atchkova 1980). 
The CMS line created by Vulkova (termed CMS-pennellii) is comprised of the cytoplasm 
of S. peruvianum and the nuclear genome of S. pennellii. Our studies had shown that 
the maternal inheritance of the male sterility in CMS-pennellii has been stable over 
many generations, have manifested normal female fertility when pollinated by S. 
pennellii (Vulkova et al. 1997; Petrova et al. 1999). Recently we have conducted a 
comparative study correlating the bud and anther sizes with the development of pollen 
mother cells (PMCs) in the CMS-pennellii and S. pennellii (Stoeva unpublished). The 
study clearly indicated that CMS affects the development of the flower. The buds, 
corolla and anthers of the CMS line are smaller in comparison to S. pennellii, while the 
filament is of several magnitudes longer. The anthers are not coalesced laterally and do 
�Q�R�W�� �I�R�U�P�� �D�� �V�W�D�P�L�Q�D�O�� �F�R�Q�H���� �$�Q�W�K�H�U�V�� �G�R�� �Q�R�W�� �I�R�U�P�� �D�Q�� �D�S�L�F�D�O�� �S�R�U�H�� �D�Q�G�� �G�R�Q�¶�W�� �V�K�H�G�� �S�R�O�O�H�Q����
PMCs undergo normal meiotic division, but the produced pollen grains degenerate after 
the disintegration of the tetrads (Petrova et al. 1999; Stoeva et al. 2007; Stoeva 
unpublished). Initial microscopic analysis revealed that although the CMS anthers are 
reduced in size, the structure of their locules are of identical type and have similar tissue 
developmental patterns as the fertile homologue S. pennellii (Radkova 2002).  
Segregation studies in crosses between CMS-pennellii and the cultivated tomato S. 
lycopersicum indicated that at least one dominant nuclear restorer-of-fertility gene from 
the cultivated tomato acts in the restoration of male fertility (Petrova et al. 1999; 
Radkova 2002; Stoeva et al. 2007). Hybrid plants with varying percentages of restored 
male fertility carrying the CMS cytoplasm were produced from such crosses. These 
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�K�\�E�U�L�G�� �S�O�D�Q�W�V�� �D�O�V�R�� �K�D�Y�H�� �D�� �Y�D�U�L�D�E�O�H�� �G�H�J�U�H�H�� �R�I�� �U�H�V�W�R�U�H�G�� �³�P�D�O�H�� �I�H�U�W�L�O�H�´�� �I�O�R�Z�H�U��
characteristics.  
 Presently there are no studies that have investigated the effect of CMS on the 
expression of tomato nuclear genes. Our unique CMS system offers an excellent model 
for comparative research of the retrograde regulation of nuclear genes, and particularly 
the genes involved in development of stamens and petals, which are most affected by 
the CMS phenotype in tomatoes. The goal of this research is to study and compare the 
expression of B class genes TM6, TAP3 and TPI, and C class floral organ identity 
genes TAG1 and TAGL1 in stamens, petals and buds of tomato species and hybrids 
with pollen sterility ranging from zero to 100%.   
 
Materials and methods  

All plants used in the study: CMS-pennellii, S. pennellii, hybrid plants H1 (76% 
viable pollen) and H8 (21% viable pollen) and S. lycopersicum line used in the hybrid 
crosses,  were grown in one environmental chamber with a temperature of 20 C for 8 
hours of darkness and 25 C for 16 hours of light. Stamens and petals were collected 
from mature flowers.  Bud material was collected from buds with anthers sizes with 
PMC undergoing meiosis (Stoeva P., unpublished data), corresponding to stages 9-11 
as defined by Brukhin et al. (2003). The bud sepals were removed at the time of the 
collection of material. All plant material was kept on ice and was either immediately 
used for RNA extraction or frozen at -80 C until used. RNA was extracted using the 
RNeasy Plant Mini Kit (Qiagen), followed by DNase treatment (Ambion TURBO DNA-
free Kit).  The reverse transcription (RT)-PCR reactions were carried out using illustra 
Ready-To-Go RT-PCR Beads (0.5-ml tubes) (GE Healthcare) with 100 ng of total RNA 
as template. RT reactions were carried out according to the manufacturer protocol at 
42 C for 30 min followed by 5 min at 95 C. The PCR step for B class genes: TAP3, 
TM6, and TPI and the C class genes TAG1, TAGL1 as well as the ACTIN gene was 
carried out using primarily published primer sequences (De Martino et al. 2006; Hileman 
et al. 2006).  For each gene, the optimal annealing temperature conditions were 
determined using touchdown PCR with genomic DNA. The linear range of amplification 
of the RT product was determined for each pair of gene primers (Table 1). All reactions 
were carried out in an Eppendorf Mastercycler.    

           
The expression of genes was assessed by gel electrophoresis and spot densitometry. 
Twenty-five micro liters from the RT-PCR products were run on 1.2 - 1.5% agarose gels 
and the gels were stained with ethidium bromide. The bands were viewed and spot 
densitometry was carried out with ChemiImager 4000 system. The expression of each 
gene was normalized to the expression of ACTIN (ACT) amplified from the same 
amounts and sources of RNA by dividing the Integrated Density Values  (IDV) of the 
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nuclear floral-identity genes by the IDV for ACT. The obtained ratio was used as a 
measure of the level of expression of the gene.  
 
Results and discussion  

To test the hypothesis that CMS affects the expression of floral identity genes we 
studied the expression of B and C class genes in the sterile line CMS-pennellii, the 
fertile homolog S. pennellii , S. lycopersicum line that was used in crosses with the CMS 
line and two hybrids H1 and H8 with 76 and 21 percent pollen viability, respectively.  

TM6   Our data supports previous studies that indicate the ubiquitous expression 
of TM6 in developing buds and mature flower structures in the cultivated tomato (De 
Martino et al. 2006; Hileman et al. 2006; Mazzucato et al. 2008). The expression of TM6 
(Fig.1.) was detected in all studied tissues and genotypes (with one exception: no 
expression was detected in the buds of the H1 hybrid). The expression of TM6 was 
lower in stamens in comparison to the petals in the two fertile species S. pennellii and 
S. lycopersicum.  The gene was up-regulated in the stamens of CMS-pennellii in 
comparison to both the fertile homolog S. pennellii and the cultivated tomato, which may 
be an indication of the involvement of TM6 with male sterility phenotype. On the other 
hand there was no difference between the level of expression of TM6 in the stamens of 
the semi-sterile hybrids (76% and 21% pollen fertility) and the cultivated tomato. 
Considering these results, it is difficult to associate the expression of TM6 in CMS-
pennellii stamens with the CMS phenotype.  The transcription of the gene was lower in 
the petals of the sterile line, which may be explained by the smaller size of petals in the 
CMS plant that resembles the effect of TM6i loss-of-function transgenic lines described 
by De Martino et al. (2006). The transcription of TM6 in S. lycopersicum and S. pennellii 
was higher in the petals and lower in the stamens of fully expanded flower. These 
results differ from the data reported by the same authors for petals and stamens of pre-
anthesis buds of S. lycopersicum and indicate dynamic changes in the spatial 
expression of this gene.  

TAP3   TAP3 expression was established in buds, petals and stamens of all 
genotypes (Fig.1.) which supports previous studies (Mazzucato et al 2008; Hileman et 
al. 2006; Xiao et al. 2009). Our results showed that TAP3 gene is down-regulated in the 
buds of the CMS line and the semi-fertile hybrids in comparison to S. pennellii and S. 
lycopersicum, which could be explained with developmental differences between the 
buds of the studied genotypes. The transcription of the gene in the petals of the CMS 
line and the fertile isonuclear form was the same and higher in comparison to the other 
genotypes. This result may be an indication of genotypic differences in the tissue 
specific expression of the gene since the comparison involves nuclear genomes of two 
different species S. pennellii and the cultivated tomato. In the stamens of sterile line and 
even more in S. pennellii, TAP3 expression decreased and was closer to the level of 
expression of the gene in the stamens of the semi-fertile hybrids and the cultivated 
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tomato. This result shows that TAP3 expression is not affected by the CMS phenotype. 
In the cultivated tomato the expression of TAP3 in the buds, stamens and petals was 
similar.  

TPI TPI gene was expressed in both stamens and petals with the exception of 
the CMS petals (Fig.1). Since the data was not replicated the absence of TPI 
expression in CMS petals will not be interpreted. TPI transcription in the two fertile 
species was similar, decreasing in the stamens, considerably in S. pennellii.  The 
expression of TPI in the semi-fertile hybrids was similar. The comparison of the 
transcription of TPI in the stamens across the studied genotypes does not reveal an 
association with the CMS phenotype. 
 TAG1 Our data determined that TAG1 was expressed across all tissue sources 
and genotypes, supporting published data for stamens and petals of cultivated tomato 
(Hileman et al. 2006) and the data of Xiao et.al (2009) for buds and flowers of S. 
pimpinellifolium. Our results demonstrated that TAG1 was differentially expressed in the 
buds, stamens and petals of most of the studied genotypes. The gene was down-
regulated in the buds and up-regulated in the petals and stamens of the H1 and H8 
hybrids. In the buds of CMS line and S. pennellii the level of expression of TAG1 was 
similar, while comparison between the differential expression of the gene in their 
stamens indicated down-regulation in the male sterile form. In S. pennellii and S. 
lycopersicum the dynamics of the expression in the different flower parts is similar with 
higher expression in the buds and stamens and lower expression in the petals. 

TAGL1 TAGL1 was expressed in buds, petals and stamens (Fig. 1). Its 
pattern of expression was similar in CMS-pennellii, S. pennellii and the hybrids with the 
lowest expression in the buds and the highest expression in the petals. In S. 
lycopersicum the highest expression was detected in the stamens. The gene was down-
regulated in the stamens of the male sterile line and the H8 hybrid (27% male sterility) 
which may be an indication of the involvement of this gene in the male sterile 
phenotype. The data of Hileman et al. (2006) confined the expression of the gene to the 
stamens but not to the petals of developing buds.  On the contrary, our data shows that 
its expression is relatively high in the petals of all studied genotypes including the 
cultivated tomato and S. pennellii. Our results also indicated the TAGL1 expression in 
the petals is genotype dependent and its induction may differ even between closely 
related species.   
 
Conclusion  

In this study we tested the hypothesis that anther and petal modifications and the 
viability of the pollen grains in the CMS tomato plants and hybrids are driven by signals 
coming from the altered expression of B and C class floral identity genes. Our first 
results showed that all studied genes were expressed in the petals and stamens of 
mature flowers of all studied genotypes. All genes were expressed in the developing 
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bud tissues of the CMS plants, the fertile homologue and the cultivated tomato.   The 
present data does not support our hypothesis that the altered expression of TM6, TAP3, 
TPI and TAG1 genes is correlated to the male sterility phenotype. The differential 
expression of TAGL1 in buds, petals, stamens of the CMS-pennellii, H8 hybrid and S. 
pennellii are in support to our hypothesis and indicate that the expression TAGL1 gene 
may be affected by the mitochondrial-nuclear interaction and could be implicated in the 
development of male sterile phenotype in tomatoes. 
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Table 1.  

 
 
 
 
 
 
 
 
 
 
 
 

 

Gene 

Annealing 
temperature 

range 

Number of PCR 
cycles used to 

amplify RT products 

TM-6  55-58 26 

TAP3 56 25 

TPI 51-58 26 

TAGL 55-58 25 

TAGL1 55-58 25 

ACT 55-58 23 
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       CMS       SP      H1      H8     SL 

Petals      
             1.40     1.50     1.00    0.89    0.83 

Stamens     
     1.19    0.83   1.12    0.95    1.02 

Buds               
    0.74    1.56     0.16    0.10    0.94 
 

Petals      
   0.39     0.50    0.59    0.61    0.61 

Stamens     
            0.60    0.33    0.48     0.48    0.40 

 Buds    
   0.50     0.47   0.00     0.41   0.68 

 

Petals    . 
  0.00 0.82     0.61     0.57     0.95 

Stamens     
              0.44    0.33     0.66    0.51     0.69 
                     

Stamens       
              1.16    1.51    1.72    1.69     1.61   

Petals      
              1.16     0.99    1.84    2.20    1.22  

Buds      
             1.39     1.34     0.54    1.16    1.64  

 

Stamens    
                1.21     1.25    1.71     1.30    0.93 

Petals    
     0.84      1.13    1.58     0.99   1.39 

Buds    
              0.74    0.85    0.27   0.39    0.78 
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Fig.1.  RT-PCR of B class (TAP3, TM6 and TPI ), and C class (TAG1 and TAGL1) floral organ identity 
genes in various tissues in CMS-pennellii (CMS), S.pennellii (SP), H1 hybrid (H1), H8 hybrid (H8) and S. 
lycopersicum (SL). Data was obtained from one RT-PCR analysis. Values were obtained using 
ChemiImager 4000 system and were normalized to the expression of ACTIN amplified from the same 
amounts and sources of RNA.   
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Introduction:  Tomato gray leafspot is an important foliar disease in warm growing 
regions caused by four Stemphylium species. It has been controlled by resistance 
conferred by a single incompletely dominant gene, Sm (Bashi et al.,1973). RFLP 
markers such as T10 and TG110 were showed to be linked to Sm (Behare et al., 1991). 
In the present study, we report on a recessive CAPS marker, CT55, which is linked to 
Sm and can likely be used in marker-assisted selection for gray leafspot resistance. 

 

Plant Materials: Eight inbred lines developed from crosses with begomovirus tolerant 
breeding lines derived from S. chilense accession LA2779 were grown in the field at the 
Gulf Coast Research & Education Center in fall 2006. These were supplied by Jean-
Claude Mercier of Clause Seed Company. Four lines; 06CH3604.02, 06CH3604.05, 
06CH3604.10, and 06CH3604.ML were homozygous susceptible to gray leafspot and 
four lines; 06CH3605.02, 06CH3605.07, 06CH3605.10, and 06CH3605.ML were 
resistant to gray leafspot. The lines were grown in a completely randomized block 
design with 3 blocks and 10 plants per plot and were inoculated with TYLCV to see if 
there was a difference in resistance to TYLCV that was associated with gray leafspot 
resistance. The TYLCV work is not the subject of this report, but we did not find an 
association of TYLCV resistance with gray leafspot susceptibility which was our 
hypothesis at the time. 

 

PCR Methods:  Total genomic DNA was isolated from young leaves of the plants 3 
weeks after transplanting to the field, as described previously (Fulton et al., 1995).  PCR 
reactions were performed in a Perkin-Elmer GeneAmp PCR 9700 Thermal Cycler and 
included 94oC for 2 min, followed by 35 cycles of 30 s at 94oC, 60 s at 55oC and 60 s at 



RESEARCH REPORTS                                                   TGC REPORT VOLUME 59, 2009 

Page 30 

 

72oC. These cycles were followed by 72oC for 7 min, and the reaction was held at 15oC. 
The PCR products were separated on a 1.5% agarose gel stained with ethidium 
bromide and visualized under ultraviolet (UV) light. The primer sequences for marker 
CT55 are: forward, CATCTGGTGAGGCGGTGAAGTA, and reverse, 
TCCGCCCAAACAAAACAGTAATA. 

 

Results and Discussion:  A PCR fragment of ~400 bp was generated for both 
Stemphyllium-resistant and Stemphyllium�±susceptible materials with marker CT55 (data 
not shown). After digestion of the PCR product with enzyme DdeI, the susceptible 
genotypes produced a fragment of ~330 bp. Two other bands, of sizes ~200 bp and 
~140 bp, respectively, were generated from both resistant and susceptible genotypes 
(Fig. 1).  Therefore, CT55 is a recessive marker - heterozygous and homozygous 
susceptible plants share the same band pattern; i.e., all three bands, while the 
homozygous resistant plants have only the two lower bands. CT55 distinguished the 
genotypes tested here, but it has yet to be tested for its utility on a broader range of 
germplasm. 
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Fig.1. DNA fragments after DdeI digestion of PCR products amplified with CT55 primer 
set. Lane 1, 100-bp DNA ladder; lanes 2, 3, 5 and 7 are Stemphyllium susceptible lines 
(Sm-)- 06CH3604.ML, 06CH3604.02, 06CH3604.05, and 06CH3604.10; lanes 4, 6 and 
8 are Stemphyllium resistant lines (Sm+)- 06CH3605.02, 06CH3605.07, and 
06CH3605.10. Resistant line 06CH3605.ML is not shown. 
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Introgressions Associated with Bacterial Wilt -Resistant Line, Hawaii 7996  

Mejía, Luis1, Brenda E. Garcia1,2, Ana Cristina Fulladolsa1,2, Eric R. Ewert2, Jaw-Fen 
Wang3, Jay W. Scott4, Caitilyn Allen2, and Douglas P. Maxwell2  

1 Universidad de San Carlos, Ciudad de Guatemala Zona12, Guatemala 

2 University of Wisconsin-Madison, Department of Plant Pathology, 1630 Linden Dr., 
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Bacterial wilt (BW) caused by Ralstonia solanacearum (Rs) is a serious disease 
of tomato in southeastern Guatemala.  Sánchez-Pérez et al. (2008) found that the strain 
of R. solanacearum on tomato in the lowlands in Guatemala was phylotype I sequevar 
14 (race 1, biovar 3), which is the phylotype most prevalent in Taiwan (J.-F. Wang, pers. 
com.). 

All tomato hybrids currently grown in Guatemala are susceptible to Rs, and thus, 
the development of hybrids with resistance to Rs would provide a major management 
option for growers.  Breeding for resistance to Rs in tomatoes has been difficult (Scott et 
al. 2005).  Solanum lycopersicum cv. Hawaii 7996 (H7996) is resistant to Rs race 1 
phylotype I and molecular studies have shown that resistance to be controlled by 
several QTLs against Rs Pss4 (Wang et al., 2000) associated with chromosomes 2, 6 
and 12 near markers GP504, TG73, and TG564, respectively.  Thoquet et al. (1996a,b) 
found markers linked to resistance from H7996 on chromosomes 3, 4, 6 and 8 and 
�S�R�V�V�L�E�O�\���F�K�U�R�P�R�V�R�P�H�V���������D�Q�G�������������6�F�R�W�W���H�W���D�O�������������������V�W�D�W�H�G���W�K�D�W���³�L�W���L�V���S�R�V�V�L�E�O�H���W�K�D�W���I�H�Z��
major genes together with several minor genes condition resistance to bacterial wilt in 
�W�R�P�D�W�R���´ 

 This research reports the use of RFLP or COSII markers associated with the 
QTL regions for chromosomes 6 and 12 (Wang et al., 2000) to develop PCR-based 
protocols for detection of sequence differences between the resistant line, H7996, and 
susceptible line, Solanum pimpinellifolium cv. West Virginia 700 (WVa700).  These 
sequence differences were further evaluated in selected recombinant inbred lines (RIL) 
and other breeding lines provided by AVRDC.  The RILs were developed from a cross 
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of the resistant line, H7996, with the susceptible line, WVa700 (Thoquet et al., 1996a,b).  
J.-F. Wang (AVDRC) provided F8 seeds of RILs that had been scored as either resistant 
or susceptible in greenhouse and field trials at several locations in Taiwan.  
 

Methods : 

 Evaluation of the RILs:  Four-week-old seedlings of thirty RILs were transplanted 
on March 13, 2008 into a Rs-infested field in Agua Blanca, Jutiapa, Guatemala.  The 
resistant line, H7996, and two susceptible lines, WVa700 and L390, were included as 
controls.  The 33 entries were grown in a completely randomized block design with 
three blocks and eight plants per entry.  A susceptible commercial hybrid grown in the 
region was interspersed as follows:  three plants of the susceptible commercial hybrid, 
then 8 plants of an entry, then 8 plants of another entry followed by 3 plants of the 
susceptible commercial hybrid and this was continued throughout.  In this way, the 
susceptible hybrid was located next to all entries.  Two teams evaluated the RILs on 
June 4, 2008 (75-days-after transplanting) at which time most of the susceptible 
commercial hybrid and L390 plants were dead. The presence of Rs was confirmed from 
randomly selected wilted plants using immuno-strip test of Agdia. The mean of the three 
replications for each entry is presented as percentage of surviving plants. 

 PCR Primer Design:  The general strategy for designing PCR primers for 
markers between 32 (T0834) to 43 cM (TG73) on chromosome 6 and between 30 
(CT120) and 65 cM on chromosome 12 (markers listed on the SGN site) was to do a 
Blast search at GenBank and then to use the sequences that corresponded to exons for 
the primer design.  Primers were designed so that the amplified PCR fragment would 
include one or more introns.  If no matches were obtained with the Blast search, then 
the primers were designed form the SGN sequences.  Primers for five markers on 
chromosome 6 and two on chromosome 12 were evaluated.  The PCR primers were 
synthesized by Integrated DNA Technologies, Coralville, IA and diluted with HPLC-
purified water (Fisher Scientific). 

PCR methods:  Total DNA was extracted from fresh leaves with the Puregene® 
DNA Purification Kit (Gentra Systems, Inc., Minneapolis MN) following the 
�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V�������7�K�H���'�1�$���Hxtract was adjusted to approximately 15 �Q�J�����O���R�U��
until PCR fragments were obtained.  The 25-���O���3�&�5���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���F�R�Q�W�D�L�Q�H�G���������������O��
���������P�0���G�1�7�3���������������O���E�X�I�I�H�U�������;���������������O���������P�0���0�J�&�O2���������������O��Taq polymerase (Promega 
�&�R�U�S�������0�D�G�L�V�R�Q���:�,�����������������O���H�D�F�K���S�U�L�P�H�U���D�W�����������0���������������O���G�L�O�X�W�H�G���'�1�$���H�[�W�U�D�F�W�����Dnd HPLC 
water (Fisher Scientific).  The parameters for the thermal cycler (MJ DNA Engine PT200 
�7�K�H�U�P�R�F�\�O�F�H�U�Œ�����0�-���5�H�V�H�D�U�F�K���,�Q�F�������:�D�O�W�K�D�P���0�$�����Z�H�U�H���D�V���I�R�O�O�R�Z�V�����G�H�Q�D�W�X�U�D�W�L�R�Q���D�W���������&��
for 3 min, then 35 cycles at 94 C for 30 sec, annealing at 53 C for 1 min and extension 
at 72 C for 1 min, followed by 72 C for 10 min, then the reaction was maintained at 4 C.  
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The PCR fragments were separated by gel electrophoresis using 1.5% agarose and 
0.5X TBE buffer, stained with ethidium bromide and observed with UV light. 

 Sequencing methods:  PCR primer pairs that produced strong single bands 
were used to amplify DNA from the different germplasms.  These PCR fragments were 
then sequenced.  The PCR reaction mixture was treated with shrimp alkaline 
phosphatase (Promega Corp.) and exo-nuclease I (EpiCentre Biotechnologies) to 
remove residual PCR primers.  Samples were then sequenced with the Big Dye 
protocols and electrophoresis was performed at the University of Wisconsin-Madison 
Biotechnology Center.  The CHROMAS and DNAMAN sequence analysis software 
were used.  Sequences are available by contacting D. P. Maxwell. 
 

Results and Discussion :   

 Evaluation of RILs:  The general response of the RILs to Rs in Guatemala was 
similar to that in Taiwan (Table 2).  The percentage survival for the resistant parent, 
H7996, was 84% and 88% in Guatemala and Taiwan, respectively.  For the susceptible 
parent, WVa700, the survival was 22% and 31% in Guatemala and Taiwan, 
respectively.  Nine RILs (GT-�V�X�V�F�H�S�W�L�E�O�H���J�U�R�X�S�����K�D�G���V�X�U�Y�L�Y�D�O���U�D�W�H�V���”�����������L�Q��Guatemala 
and five of these RILs also had less than 35% survival in Taiwan.  Nineteen RILs (GT-
�U�H�V�L�V�W�D�Q�W�� �J�U�R�X�S���� �K�D�G�� �V�X�U�Y�L�Y�D�O�� �U�D�W�H�V�� �•�� �������� �L�Q�� �*�X�D�W�H�P�D�O�D�� �D�Q�G�� �R�Q�O�\�� �Q�L�Q�H�� �5�,�/�V�� �K�D�G�� �W�K�L�V��
survival rate in Taiwan.  Of these nine Taiwan RILs, eight were in the GT-resistant 
group.  The exception was RIL 46, which had 79% survival in Taiwan and 69% in 
Guatemala.  Because of the similarity of survival rates for the RILs in Taiwan and 
Guatemala, it is expected that tomato hybrids with bacterial wilt resistance derived from 
the resistance source, H7996, would be useful in both Guatemala and Southeast Asia, 
where Rs phylotype I is prevalent. 

Detection of Introgressions:  The QTL associated with chromosome 6 was shown 
in Wang et al. (2000) to be between CP18 and TG240 (35 cM and 37.9 cM, 
respectively, for the Tomato-EXPEN 1992).  Another marker, TG73, which is present on 
the maps for Tomato-EXPEN 1992 and 2000, is mapped to 37.9 cM and 43.3 cM, 
respectively.  Primers were designed for five markers from the EXPEN-2000 map from 
32 cM to 43.3 cM.  For the marker T0834 at 32 cM, the PCR primers produced a 400-bp 
fragment for all samples tested and there were no sequence differences between 
H7996 and the sequences from three susceptible lines.  The primers for C2_At1g2164 
(37 cM, P6-37F1/R1) gave a PCR fragment of 850 bp for H7996, WVa700 and a 
susceptible line, M82-1-8.  The sequences from these fragments were identical.  P6-
38.3F1/R1 primer pair for marker C2_At1g44835 (38.3 cM) yielded a 590-bp fragment 
for H7996 and WVa700.  There was a SNP at nt 258; a G for H7996 and a C for 
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WVa700.  For the COSII marker at 41.5 cM (At1g03150), a large PCR fragment (about 
1,000 bp) was obtained from H7996 and M82-1-8.  Partial sequences were compared 
and four SNPs and two indels were detected.  The primers for PTG73F1/R1 (TG73, 
43.3 cM) gave a large fragment (about 1,100 bp) for H7996 and WVa700; and one SNP 
was detected between the sequences for these lines.  H7996 had a G and WVa700 had 
a C.  These data indicate that the primer pairs for locations at 38.3 and 41.5 cM could 
be used to evaluate additional germplasm for the occurrence of an introgression 
associated with H7996. 

 The location of the QTL on chromosome 12 was predicted to occur from 30 to 65 
cM (Tomato-EXPEN 1992 map) by Wang et al. (2000) (see Fig. 4).  Marker T1667 (39 
cM, EXPEN 2000 map) was used to design primers P12-39F1/R1, which yielded a PCR 
fragment of ca. 500 bp.  The PCR fragments were sequenced and H7996 and WVa700 
were 462 and 461 nt, respectively.  There were 6 SNPs and two indels (one nt and two 
nt indels) between these two sequences.  For the marker at 54.5 cM, the sequences of 
the PCR fragments were 674 bp and there was one SNP between H7996 and WVa700.  
The primers for the marker T1667 would be the most useful for evaluating the presence 
of the H7996 introgression in other resistant germplasm. 

 Evaluation of RILs for introgressions from H7996:  Susceptible and resistant RILs 
were evaluated for the presence of the three markers associated with H7996 (Table 3).  
The sequences associated with WVa700 for these markers were also the sequences in 
the susceptible line, L390, from AVRDC (Wang et al., 2000) and one other BW-
susceptible line, Gh13.  All three susceptible RILs had the sequence from WVa700 for 
P6-38.3F1/R1 (chr. 6) and two had the WVa700 sequence at P12-39F1/R1 (chr. 12).  
Unfortunately, sequence was not obtained for susceptible RIL-183 for this marker on 
chr. 12.  Two of the susceptible RILs had the WVa700 sequence for P6-41F4/R4 (chr. 
6), but the susceptible RIL-170 had the H7996 sequence at this marker.  Sequences 
were obtained for these markers for six resistant RILs.  All six RILs had the H7996 
sequence for the two markers on chr. 6.  For the marker on chr. 12 only four resistant 
RILs were tested and they all had the H7996 sequence.  Unfortunately no data are 
available for the chr. 12 marker for the other two RILs.  The sequence associated with 
H7996 was also found in H7997 (see Scott et al., 2005, for information on H7997) for 
markers P6-41F4/F5 (chr. 6) and P12-39F1R1 (chr. 12).  The P6-38.3F1/R1 (chr.6) 
marker was not tested with H7997. 

 Thus from this limited data, it seems that the presence of the introgressions 
(H7996 sequence) on chr. 6 and chr. 12 are associated with a resistant phenotype in 
these RILs.  It would be very interesting to test the RILs with moderate levels of 
resistance for these markers.   
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 Evaluation of BW-resistant breeding lines for H7996 introgressions:  Three BW-
resistant breeding lines provided by P. Hanson (World Vegetable Center, AVRDC) were 
tested for the presence of H7996 sequences for markers P6-41F4/R4 and P12-
39F1/R1.  Only line CLN2413L had H7996 sequences on chr. 6 and 12.  Line 
CLN2418A had the H7996 sequence for the marker on chr. 6 and the sequence for 
WVa700 for the marker on 12.  In contrast, line CLN1466EA had the H7996 sequence 
for marker on chr. 12 and the WVa700 sequence for marker on chr. 6.  All resistant 
inbreds had at least one of the markers on chromosome 6 or 12.  These results are 
consistent with a quantitative inheritance for BW resistance (Scott et al., 2005), but also 
indicate that these markers might be of value for pyramiding resistance loci. 

 

Conclusions : 

 Resistance to BW in tomato is controlled by several QTLs (Thoquet et al., 
1996a,b; Wang et al., 2000) and in this report, sequence data are provided for 
introgressions from the resistant line, H7996, on chromosome 6 at 38.3 and 41.5 cM 
and on chromosome 12 at 39 cM.  From this limited study of RILs and BW-resistant 
inbred lines, it is evident that when both introgressions were present, the RILs or inbred 
breeding lines were resistant (unpublished data).  Unfortunately the phenotype could 
not be predicted if only the introgression in chromosome 6 or 12 was present.  One RIL 
had the introgression on chromosome 6 and was susceptible.  For two BW-resistant 
inbreds from the World Vegetable Center, each had only one introgression from H7996.  
Because of the complex nature of resistance to BW, these results are only a beginning 
in the development of markers for use in a tomato breeding program. 

 H7996 was found to be highly resistant to Rs race 3 phylotype II in greenhouse 
studies and a QTL Bwr-6 was mapped to TG73 (43.3 cM) on chromosome 6 (Carmeille 
et al., 2006), which corresponds to the region of the marker for race 1 phylotype I 
detected by Wang et al. (2000).  This QTL near TG73 could be detected by the PCR-
based marker (P6-41F4/R5) developed in this study and should have relevance for 
resistance to race 1 phylotype I and race 3 phylotype II.   

 Recently Miao et al. (2009) reported the development of SCAR markers for 
detection of BW resistance in tomato.  One marker (TSCARAAT/CGA) was present in 159 
of 171 resistant F2 plants and in 2 of 129 susceptible F2 plants. 

 With the development of high-throughput methods for SNPs genotyping (Pick, 
2009), the markers reported here on chromosome 6 and 12 could easily be converted to 
SNP technologies and used to pyramid BW-resistance loci in tomato breeding 
programs.   
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Table 1.  Primers sequences and markers on chromosome 6 and 12. 

Marker  cM 
PCR 

Primer  Primer pair  

Chromosome 6  

T0384 
32 
cM P6-32F1 CATTGTTGTTGCTCCTCAG 

�³�������³  P6-32R2 CTG CTC CTT CCA CTA AAT ATA ACT G 

C2_At1g21640 
37 
cM P6-37F1 CCCAAGAGAAGATGACTGTTCT 

�³�������³  P6-37R1 GTGGCCACAATGACACCATCACCTTGC 

C2_At1g44835 
38.3 
cM P6-38.3F1 GAGCTTCAAATTGATTTCACCAAACATG 

�³�������³   P6-38.3R1 GAGCCATTCACCCTCCTTTTCC 

C2_At1g03150 
41.5 
cM P6-41F1 GATTATTTCCATGTTGCAAAAGCTCC 

 �³�������³  P6-41R1 GATTCACCTTGCCCTTCAACTTTTCC 

�³�������³  P6-41F4 CAAATATAAGCTTGAAGGTAGGAC 

�³�������³  P6-41R4 CACGGAAGGGAGTATAAGAGAATG 

�³�������³  P6-41F5 GAAATAATATGCCTAAAGCTCTCC 

�³�������³  P6-41R5 CATGAAGAGGCCAGAATACACC 

TG73 
43.3 
cM PTG73F1 GTAGTACGAGCTATTGTGTCTCAGC 

 �³�������³  PTG73R1 CAGAACAGAGAAATCCTAGCCACTGATG 
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Table 1 (continued).  Primers sequences and markers on chromosome 6 and 12. 

Marker  cM 
PCR 

Primer  Primer pair  

Chromosome 12  

T1667 
39 
cM P12-39F1 GATTCAACTTATGCAGAGAGGG 

�³�������³  P12-39R1 CCTCTCTCGGAATTTTGTAAC 

C2_At5g42740 
54.5 
cM 

P12-
54.5F2 CAGCACAGAAAACAGACCCG 

  
P12-

54.5R2 GGCTACATCAATTGGATCAACATTCG 

TG564 
57.6 
cM PTG564F1 CAACTCATGGTGCTTATCTTACTGACCTTAG 

�³�������³  PTG564R1 CTTATGTGAGATGTTGAAAACTGGAAAGAAG 

TG564  PTG564F2 CACCGCCAAATTTAACTTTAATCAACTG 

   PTG564R2 CCATAGTGTTCATCATTCAAGATCTGTCC 
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Table 2.  Percentage of surviving plants for Hawaii7996, WVa700, L390, and 30 RILs in 
Guatemala. 

 Mean % survival 2 

Code 1  (RILs)  GT Taiwan  

170 0 25 

158 1 35 

183 11 40 

79 18 39 

30 21 35 

83 21 35 

182 28 25 

6 33 40 

100 37 21 

38 45 25 

89 64 59 

46 69 79 

150 76 67 

13 78 70 

12 80 89 

70 81 89 

95 83 55 

RILs GT Taiwan 

18 85 85 

130 88 79 

23 89 70 

26 91 59 

41 94 71 

74 94 75 

200 94 89 

32 95 55 

162 95 89 

92 96 63 

39 100 70 

128 100 67 

154 100 100 

H7996 84 88 

L390 11 8 

WVa700 22 31 

 

 

 

1)  Identification (ID) code for the RILs 
(F8 families), H7996 (resistant parent 
for RILs) and WVa700 (susceptible 
parent for RILs).  Line L390 was the 
susceptible control. 
2)  Mean percentage of plants surviving 
from three replication 
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Table 3.  Sequences for two markers on chromosome 6 and one marker on 
chromosome 12 associated with the susceptible line, L390, the parents of the RILs, 
H7996 and WVa700, and nine RILs.   

 

  Introgression 3) 

Line 1) % 

Survival 2) 

Chr. 6 

38.3 cM 

Chr. 6 

41.5cM 

Chr. 12 

39 cM 

H7996 84 H H H 

WVa700 22 W W W 

L390 11 W W W 

RIL-158 1 W W W 

RIL-170 0 W H W 

RIL-183 11 W W nd4) 

RIL-26 91 H H H 

RIL-32 95 H H H 

RIL-41 94 H H H 

RIL-74 94 H H H 

RIL-162 95 H H nd 

RIL-200 94 H H nd 

 

1) �5�,�/�¶�V���D�U�H���)���¶�V���R�I���W�K�H���F�U�R�V�V���R�I���+�����������E�\���:�9�D���������D�Q�G���V�X�S�S�O�L�H�G���E�\���-��-F. Wang. 

2) Mean per cent survival for three replications in the BW plot at Agua Blanca, 
Guatemala. 

3) Introgression codes: H = sequence for H7996; W = sequence for WVa700.  Primers 
used: P6-38.3F1/R1, P6-41F4/R4 or P6-41F5/R5, P12-39F1/R1. 

4) nd = no data. 
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 Management of begomovirus-incited diseases on tomatoes in Guatemala 
continues to be an expensive practice.  Currently, in one of the main tomato growing 
regions, the Salama Valley, the growers have started using whitefly-proof polypropylene 
�I�D�E�U�L�F�� ���$�*�5�,�%�2�1�Œ���� �W�R�� �S�U�H�Y�H�Q�W�� �W�K�H�� �L�Q�R�F�X�O�D�W�L�R�Q�� �R�I�� �W�R�P�D�W�R�� �W�U�D�Q�V�S�O�D�Q�W�V�� �I�R�U�� �W�K�H�� �I�L�U�V�W�� ��-6 
weeks; and in some cas�H�V�����I�D�E�U�L�F�����$�*�5�,�%�2�1�Œ���� �P�D�F�U�R-tunnels are used for the entire 
growing season.  Thus, there continues to be a need to better understand the genetics 
of resistance to begomoviruses (Vidvaski, 2007) and the development of horticulturally 
acceptable hybrids. 

 A begomovirus-resistant inbred line, Gh13, had been selected from the hybrid, 
FAVI 9 (Vidavsky and Czosnek, 1998), in plots that had multiple begomoviruses (Mejía 
et al. 2005; Nakhla et al., 2005).  Ji et al. (2007b) reported that the Ty-3 introgression 
associated with chromosome 6 was a major contributor to resistance to begomoviruses.  
This introgression can be detected by a co-dominant SCAR marker P6-25F2/R5 at 25 
cM (Ji et al., 2007a).  This Ty-3 introgression was present in Gh13 from marker 
C2_At3g56040 (19 cM) to T0834 (32 cM) and the Ty-1 introgression was absent (Martin 
et al., 2007; unpublished data).  Garcia et al. (2008) found that the Ty-3 introgression 
significantly explained the resistant genotypes in an experiment with F3 families 
generated using Gh13 as the resistant parent and M82 as the susceptible parent. 

In this study, the resistant line, Gh13, was crossed with the susceptible line, HUJ-
VF, that lacked the Ty-1 and Ty-3 introgressions; and about 100 F2 plants were selfed 
for 3 or 4 generations to create the recombinant inbred lines (RILs).  These RILs were 
scored for the presence of the Ty-3 introgression with PCR primers P6-25F2/R5 for the 
marker at 25 cM on chromosome 6 (Ji et al., 2007a). 
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Materials and Methods : 

 PCR methods:  Plant extraction and PCR protocols were the same as reported in 
Garcia et al. (2008) and involved the PCR primers P6-25F2/R5.  Five seedlings were 
extracted together for each RIL and this DNA extract was used in the PCR reactions to 
determine the presence of the Ty-3 introgression. 

 Generation of the RILs:  The begomovirus-resistant inbred, Gh13 (Ty-3/Ty-3), 
was crossed with the susceptible inbred, HUJ-VF (ty-3/ty-3), which was provided by F. 
Vidavsky (Hebrew University of Jerusalem).  F2 plants were grown in a greenhouse and 
F3 seeds collected from 100 randomly selected plants.  Each generation was grown in a 
greenhouse and self-pollinated; and seeds were collected from individual fruit.  The F4 
and F5 generation RILs were used for the field experiment.  The genotype of each RIL 
was determined as described above. 

 Field evaluation of disease severity for the RILs:  The experimental design was a 
randomized complete block with five plants per plot and three blocks.  The resistant 
parent, Gh13, and the susceptible inbred, HUJ-VF, were coded and included in each 
block.  Four-week-old seedlings were transplanted on 17 Dec. 2008 into a field near 
Sanarate, Guatemala where high levels of viruliferous whiteflies were present.  All 
entries were coded before transplanting to eliminate any bias during scoring.  Each 
plant was scored on 28 Jan. 2009 (42 days after transplanting) using a disease severity 
index (DSI) from zero to six.  The DSI descriptions are:  0, no virus symptoms; 1, 
extremely slight symptoms; 2, slight symptoms; 3, moderate symptoms; 4, severe 
symptoms with deformed leaves; 5, severe symptoms and stunted plant; 6, very severe 
�V�\�P�S�W�R�P�V���� �Q�R�� �P�D�U�N�H�W�D�E�O�H�� �I�U�X�L�W�� �D�Q�G�� �Y�H�U�\�� �V�W�X�Q�W�H�G�� �S�O�D�Q�W���� �� �3�O�D�Q�W�V�� �Z�L�W�K�� �'�6�,�� �”�� �������� �Z�H�U�H��
considered resistant, as these would yield marketable fruit.  The disease responses of 
the three blocks were uniform; therefore a mean was calculated for each entry of 15 
plants. 

 

Results and Discussion : 

 The genotype of 88 RILs was determined for the Ty-3 introgression.  Forty-six 
were ty-3/ty-3, 41 were Ty-3/Ty-3, and one was Ty-3/ty-3.  The homozygous RILs were 
planted and the DSI determined for each plant at 42-days-after transplanting.  The 
resistant parent, Gh13, had a DSI = 1.8 sd 0.7 and all 15 plants of the susceptible 
parent, HUJ-VF, had a DSI = 6.0.  All 46 of the ty-3/ty-���� �L�Q�W�U�R�J�U�H�V�V�L�R�Q�� �5�,�/�V�� �K�D�G�� �'�6�,�¶�V��
�•�������� ���7�D�E�O�H�� �������� �� �7�K�H�� ������ �5�,�/�V�� �Z�L�W�K�� �W�K�H�� �7�\-3/Ty3 introgression were divided into three 
�J�U�R�X�S�V���� �U�H�V�L�V�W�D�Q�W�� ���'�6�,�� �”���������� ���� �5�,�/�V������ �P�R�G�H�U�D�W�H�O�\�� �U�H�V�L�V�W�D�Q�W�� ���'�6�,�� ���������± 4.0, 7 RILs), and 
�V�X�V�F�H�S�W�L�E�O�H�����'�6�,���•�����������������5�,�/�V���������$�V���H�[�S�H�F�W�H�G�����R�Q�O�\���5�,�/�V���W�K�D�W���K�D�G���W�K�H��Ty-3 introgression 
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were resistant or moderately resistant.  However, the low number of highly resistant 
RILs was unexpected, since in the previous experiments with F3 families, the presence 
of the Ty-3 introgression generally predicted the resistant phenotype.  Thus, it is 
suggested that resistance loci in addition to Ty-3 are necessary for expression of high 
levels of resistance.  This agrees with the observation by Vidavsky and Czosnek (1998) 
who separated resistance into two categories: tolerance (virus present and modest 
symptoms) and resistant (no virus present and no symptoms).  Tolerance was 
conditioned by one dominant major gene and resistance was controlled by multiple 
recessive genes.  The resistant inbred, Gh13, was developed from a hybrid, FAVI 9, 
that was known to have the dominant and recessive genes as discussed by Vidavsky 
and Czosnek (2008).   

 In recent years, there has been considerable interest in understanding the 
genetic bases of resistance to begomoviruses in tomatoes.  In all cases, resistance loci 
have been introgressed from wild species.  Several accessions of Solanum chilense 
have contributed resistance loci located on chromosomes 3 and 6 (Zamir et al. 1994; Ji 
et al. 2007b, 2008).  Ty-1 locus (accession LA1969) was the first resistance locus to be 
mapped and is located on chromosome 6 near 8 cM (Zamir et al., 1994).  Ji et al. 
(2007b, 2008) described the Ty-3 and Ty-3a resistance loci from LA2779 and LA1932, 
respectively.  Both loci are located on chromosome 6 near 25 cM.  Ty-4 from LA1932 
was located on chromosome 3 near 81 cM (Ji et al., 2009).  In a study by Ji et al. (2009) 
Ty-3a explained more of the variance in resistance than Ty-4.  Four accessions of S. 
peruvianum contributed to the Tomato yellow leaf curl virus-resistant line TY172 
(Anbinder et al., 2009), and similar lines (TY197 and TY198) to TY172 were highly 
resistant to bipartite begomoviruses in Guatemala (Mejía et al., 2005).  In a mapping 
study with TY172 as the resistance source Anbiner et al. (2009) found that resistance is 
controlled by one major QTL (Ty-5) on chromosome 4 near 46 cM and four minor QTLs.  
In these mapping populations the minor QTLs came from either the resistant or the 
susceptible parents.  Since S. chilense and S. peruvianum are phylogenetically closely 
related (Peralta et al., 2008), it is suggested that these S. peruvianum QTLs may also 
be present in inbreds with resistance derived from S. chilense.  The genetic studies 
reported by Ji et al. (2007b, 2009) and Anbinder et al. (2009) as well as our results on 
the RILs reported here stress the complex nature of resistance to begomoviruses.  
Thus, molecular markers may be useful in development of begomovirus-resistant 
inbreds, but good field testing for begomovirus-resistant inbreds remains essential.  
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Table 1.  Disease severity index (DSI) for the 87 RILs with Ty-3/Ty-3 or ty-3/ty-3 
genotype.   

 

 Number of RILs 

�'�6�,�¶�V ty-3/ty-3 Ty-3/Ty-3 

0 �± 2.0 0 0 

2.1 �± 3.0 0 9 

3.1 �± 4.0 0 7 

4.1 �± 5.0 26 16 

5.1 �± 6.0 20 9 
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Introduction  

Most commercial tomato varieties are sensitive to unfavorable environmental 
factors during different stages of plant development. A complementary approach of 
agriculture methods currently followed is to minimize losses by stress factors and to 
develop, via genetic means, high temperature and drought tolerant cultivars with the 
ability to escape or tolerate effects of the stress. Potential sources of genes for drought 
tolerance in tomato have been identified within the related wild species S. pennellii (Rick 
and Chetelat, 1995). 

Under stress conditions the photosynthetic apparatus (PSA) is one of the most 
sensitive systems. High temperature and drought strongly influence parameters of the 
photosystem II (PSII); fast fluorescence emissions which are successfully used as 
criteria of assessment to stress tolerance (Goltsev et al., 1994; Stirbet et al., 2001; 
Petkova et al., 2007; Jing Yang et al., 2009).  

The aim of this work is to study the effect of high temperature and drought stress 
on PSA in hybrid tomato lines (S. lycopersicum x S. pennellii) and their parental 
genotypes. 

Materials and methods  

The PSA efficiency of 21 F4 hybrid lines (S. lycopersicum x S. pennellii), 3 
varieties and accession 964750063 (S. pennellii), grown under field conditions, were 
evaluated by chlorophyll fluorescence parameters �± initial (Fo), variable (Fv), maximum 
(Fm) and the ratios between them. The experiments were conducted in 2006-2008 
during the reproductive period of the plants (July-August) under ambient temperature of 
about 25�h�K��(control) and high temperature of 37-39oC. Before the measurements plants 
were not irrigated for a week.  

Fluorescence parameters were registered in 10 replications, on intact, 30-min 
dark adapted, fully developed leaves, illuminated with actinic light (>650 nm) with 
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photon flux 1500 µmol.m-2.sec-1. A fluorimeter Plant Efficiency Analyzer (PEA MK2, 
Hansatech, UK) was used.  

Values of chlorophyll fluorescence parameters and their ratios in tomato plants at 
high temperature and drought are expressed as a percentage to the values measured 
at 23-25o C.  

The data were statistically processed by the common MS Excel software.  

Results and Discussion  

The changes in values of chlorophyll fluorescence parameters (expressed in 
percentages) of the stressed plants compared to the plants under normal conditions are 
presented in Table 1. It was established that the loss of the excitation energy during its 
transfer from the pigment bed to reaction centre (RC) of PSII, expressed by Fo, 
increased under high temperature stress (Briantais et al., 1996; Yordanov et al., 1997). 
Considerable differences between the initial fluorescence values in high temperatures 
compared to the controls are observed in variety Milyana, and the hybrid lines 1842 
and1838. The Fo values of these genotypes exceeded the controls by 16 - 20%. The 
lowest deviation of this parameter is registered in hybrid lines 1852, 1848 and 1855 
(Table. 1).  

The reduced potential of PSII activity (Fv/Fo) under the stress conditions proved 
to have a higher level of sensitivity to the stress than the maximum quantum efficiency 
of PSII primary photochemistry, expressed by the ratio Fv/Fm. According to Bolhar-
Nordenkampf and Oquist (1993) the variable/maximum fluorescence ratio (Fv/Fm) in 
the plants with normal physiological status is from 0.75 to 0.85. Compared to the 
controls, it was considerably reduced in the line 1842 and variety Pautalya (7.33 % and 
7.31%, respectively). Values of Fv/Fm under stress conditions, close to the biological 
minimum, are registered in lines 1842, 1849 and 1840 (0.764, 0.766, and 0.767, 
respectively) (Fig.1).  

In most of the studied genotypes the ratio Fv/Fm was slightly reduced. It remains 
almost unaltered in hybrid lines 1848, 1855, 1851, 1852 and 1844. The plants from 
these genotypes also showed a slight temperature-induced reduction in Fm values.  

On the basis of summarized analysis of the changes in different chlorophyll 
fluorescence parameters, high tolerance to the studied abiotic factors is registered in 
the hybrid lines 1848, 1852 and 1844. From the parents participating in the hybrid 
combinations accession 964750063 expressed the highest tolerance to the studied 
stress factors. Probably it is due to the intermediate morphological leaf type in hybrids 
coming from S. pennellii. 
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Conclusions  

Exposure of tomato plants to high temperature and water deficit beyond their 
biological requirements results in alteration of photosynthetic activity, particularly on 
PSII efficiency. Although there were differences in the values of the chlorophyll 
fluorescence parameters in the studied tomato genotypes, the level of tolerance is 
comparatively high. The highest temperature and drought stress tolerance is 
established in hybrid lines 1848, 1852 and 1844 �± these have potential for breeding 
purposes. 
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Table 1. Chlorophyll fluorescence parameters and their ratios in tomato 
plants at stress conditions �± means from the period 2006-2008 

Genotype Fo Fm Fv Fv/Fm Fv/Fo Fm/Fo 

Milyana 120.09 93.70 88.59 94.63 76.42 80.25 

Jaklin 110.21 86.75 82.35 94.64 77.28 80.87 

Pautalya 112.72 89.63 84.69 92.69 79.42 83.02 

221 111.94 93.60 89.66 94.30 82.10 85.24 

964750063 111.36 99.25 96.59 96.32 88.46 90.47 

1837 109.82 88.58 84.25 96.59 78.61 82.16 

1838 116.36 86.00 80.08 93.75 70.41 75.18 

1839 110.87 94.23 90.39 95.52 83.77 86.80 

1840 115.78 95.08 90.38 95.15 82.63 85.82 

1841 106.40 90.21 86.64 95.99 82.44 85.60 

1842 118.50 92.51 86.75 92.67 75.28 79.73 

1843 115.35 94.49 89.72 94.33 78.80 82.72 

1844 106.59 100.10 98.57 97.90 93.49 94.73 

1845 108.94 94.24 90.80 95.00 85.55 88.27 

1846 115.86 92.40 87.59 95.28 76.75 80.69 

1847 107.32 91.73 88.42 96.71 83.57 86.43 

1848 102.95 95.13 93.50 98.55 92.03 93.40 

1849 108.77 84.75 79.66 94.21 74.49 78.88 

1850 105.36 81.91 77.18 94.33 73.31 77.74 

1851 105.98 93.15 90.47 96.60 86.55 88.84 

1852 100.07 90.94 88.92 98.10 86.79 89.11 

1853 112.05 87.50 82.61 94.14 76.08 80.06 

1854 115.42 86.69 80.88 93.21 73.11 77.63 

1855 103.45 90.79 87.77 97.62 86.11 88.47 

1856 109.07 86.56 81.85 94.77 75.73 79.61 
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Fig. 1. Values of Fv/Fm at high temperature and drought; 1. Milyana; 2. Jaklin; 3. 
Pautalya; 4. 221; 5. 964750063; 6. 1837; 7. 1838; 8. 1839; 9. 1840; 10. 1841; 11. 1842; 
12. 1843 13. 1844; 14. 1845; 15. 1846; 16. 1847; 17. 1848; 18. 1849; 19. 1850; 20. 
1851; 21. 1852; 22. 1853; 23. 1854; 24. 1855; 25. 1856. 
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Breeding for resistance to bacterial wilt (Ralstonia solanacearum) in tomato has been 
challenging for a number of reasons including variable pathogen strains, environmental 
influences on disease expression-especially temperature and soil moisture, and linkage 
of resistance with undesirable characteristics such as small fruit size (Scott et al., 2007). 
Not only has it been difficult to develop resistant varieties, but the variable response to 
environmental conditions prevented our development of a reliable seedling screening 
procedure despite numerous experiments to develop one. In this brief report I present 
an observation that might be of use to someone studying biochemical growth 
responses.  

Last winter we were growing our tomato seedlings in a plastic greenhouse with roll up 
sides. The greenhouse has two overhead propane heaters to provide heat which is 
blown over the seedlings on cool nights.  Apparently on some nights the burning of 
propane produced carbon monoxide rather than carbon dioxide and this resulted in 
distorted plant growth in some areas of the greenhouse where one would generally see 
some distorted plants mixed in with normal growing plants within genotypes. Our 
bacterial wilt resistant material was in a corner of the greenhouse where we had in 
previous years seen a greater amount of this type of damage. What was seen this time 
was striking; bacterial wilt resistant lines Hawaii 7997, Fla. 8109 (Scott et al., 2009), and 
�µ�1�H�S�W�X�Q�H�¶�� �V�X�V�W�D�L�Q�H�G�� �Q�R�� �G�D�P�D�J�H�� �Z�K�L�O�H�� �R�X�U�� �V�X�V�F�H�S�W�L�E�O�H�� �F�R�Q�W�U�R�O�� �µ�)�O�R�U�L�G�D�� �0�+-���¶�� �Z�D�V��
severely affected (Figures 1,2).  

Of course this may have nothing to do with bacterial wilt resistance, but instead could 
�M�X�V�W���P�H�D�Q���W�K�D�W���µ�)�O�R�U�L�G�D���0�+-���¶���L�V���H�[�W�U�H�P�H�O�\���V�X�V�F�H�S�W�L�E�O�H���W�R���&�2���G�D�P�D�J�H�����7�K�H���0�+-1 plants 
ultimately grew out of the problem so they could be inoculated, planted and ultimately 
killed by the bacterial wilt pathogen. 

The CO effects on tomato may interfere with the electron transport system and oxidative 
phosphorylation of membranes where cytochrome oxidase is blocked. Cyanide and 
azide can also block the oxidation process (Salisbury and Ross, 1978). Inbreds such as 
Hawaii 7997 and Fla. 8109 would appear to have a CO-resistant oxidation pathway 
�Z�K�H�U�H�D�V�� �µ�)�O�R�U�L�G�D�� �0�+-���¶�� �G�R�H�V�� �Q�R�W���� �+�R�Z�H�Y�H�U���� �,�� �G�R�� �Q�R�W�� �N�Q�R�Z�� �I�R�U�� �V�X�U�H�� �W�K�D�W�� �W�K�H�� �G�D�P�D�J�H��
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seen was due to CO as it was not measured. It just seemed like the most likely 
explanation given that the time the damage occurred was when the heaters were used 
and that the plants then grew out of the problem once they were no longer turned on. 
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Fig. 1. Tomato seedlings after possible exposure to carbon monoxide; rows to left of the 
small stake at the bottom of the tray are bacterial wilt resistant Hawaii 7997 showing no 
�V�\�P�S�W�R�P�V�� �%���� �µ�)�O�R�U�L�G�D�� �0�+-���¶�� �S�O�D�Q�W�V�� �W�R�� �E�H�K�L�Q�G�� �D�Q�G�� �W�R�� �W�K�H�� �U�L�J�K�W�� �R�I�� �W�K�H�� �V�W�D�N�H�� �V�K�R�Z�L�Q�J��
malformed growth. Note that al�O�� �µ�)�O�R�U�L�G�D�� �0�+-���¶�� �S�O�D�Q�W�V�� �Z�H�U�H�� �D�I�I�H�F�W�H�G���� �Z�K�H�Q�� �W�K�L�V�� �S�L�F�W�X�U�H��
was taken the 5th plant in the second row from the left has grown out of the problem 
already. 

 

Fig. 2. Tomato seedlings after possible exposure to carbon monoxide; in the left flat are 
normal looking, bacterial wilt resistant Fla. 8109 plants that were grown adjacent to the 
�I�O�D�W���R�Q���W�K�H���U�L�J�K�W���R�I���µ�)�O�R�U�L�G�D���0�+-���¶���Z�K�R�V�H���S�O�D�Q�W�V���K�D�Y�H���G�L�V�W�R�U�W�H�G���J�U�R�Z�W�K���� 
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Introduction  
The tomato clade consists of twelve species and subspecies (Fig. 1) (Spooner et al. 
2005; Moyle 2008).  Members of the clade share the same diploid chromosome number 
(2n = 2x = 24), and interspecies hybrids are more or less fertile (our observations).   
 

 
Figure 1. Phylogenetic tree of the tomato clade redrawn from Moyle (2008).  Tomato (S. 
lycopersicum var. lycopersicum) and the species we have hybridized with tomato are in 
bold type.  S. lycopersicoides is included as an out group. 
 
The chromosomes are small, but they are individually identifiable in pachytene 
chromosome squashes (Brown 1949; Barton 1950).  Hybrids between tomato and its 
close relative S. pimpinellifolium have been reported to behave cytologically like 
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intraspecific tomato hybrids, i.e., there is no evidence of chromosomal differentiation 
between these species.  On the other hand, tomato hybrids with other members of the 
clade, e.g., S. cheesemanii, S. peruvianum, and S. habrochaites show some sterility, 
segregation distortion, and reduced recombination, suggesting structural differences in 
chromosomes (Quiros 1991).  Here we examine spreads of synaptonemal complexes 
(SCs) from hybrids between tomato and other members of the tomato clade by electron 
microscopy and describe various structural rearrangements that have occurred. 
 
Materi als and Methods  

Using tomato as the female parent, hybrids were made between tomato (S. 
lycopersicum) and S. pimpinellifolium, S. chmielewskii, S. habrochaites, and S. 
pennellii.  SC spreads were prepared as described by Chang et al. (2007) and in detail 
by Stack and Anderson (2009).  Briefly, the cell walls were enzymatically removed from 
primary microsporocytes, and the protoplasts were burst hypotonically and allowed to 
air dry on a glass microscope slide covered with a thin plastic film.  DNA was removed 
enzymatically from the spreads.  SC spreads were fixed with formaldehyde and 
glutaraldehyde, and the spreads were stained with phosphotungstic acid.  The plastic 
with SC spreads was lifted onto grids, and the SC spreads were examined and 
photographed in an electron microscope. 

 
Results and Discussion  

Changes in chromosome structure have long been recognized as useful 
taxonomic characters (e.g., Swanson 1957).  Observations of the small mitotic 
metaphase chromosomes in the tomato clade show no differences in ploidy or structure 
that would be useful in defining the phylogeny of the group.  In comparison, long 
pachytene bivalents are more revealing, but even so, overlapping bivalents and the 
resolution of the light microscope limit interpreting the details of synapsis in cases of 
structural heterozygosity.   

Here we show that by examining well-spread sets of SCs (= pachytene 
chromosomes) from hybrids with the superior resolution of electron microscopy, a 
variety of structural differences between species becomes apparent.  The most 
common and obvious structural irregularity observed in the hybrid SCs is mismatched 
kinetochores (Fig. 2).  The probable basis for mismatched kinetochores is 
heterozygosity for pericentric inversions with nonhomologous synapsis through these 
inverted segments.  This interpretation is supported by observations of inversion loops 
in early pachytene (Fig. 3), which are subsequently adjusted to straight nonhomologous 
synapsis by late pachytene.   

Because all tomato chromosomes have pericentric heterochromatin, these 
inversions may primarily involved heterochromatin.  Considering that crossing over is 
rare in pericentric heterochromatin (Sherman et al. 1995), these inversions may not 
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have much effect on segregation or genetic linkage maps (except for genes located in 
pericentric heterochromatin).   

Other irregularities observed include fold back synapsis, asynapsis, mismatched 
ends, and a whole arm translocation (not illustrated, but observed in the S. chmielewskii 
hybrid).   

It is interesting that regardless of what synaptic irregularities are observed, 
generally on each bivalent there is at least one synapsed arm with a late recombination 
nodule (LN).  Since LNs occur at sites of crossing over, chiasmate bivalents will be 
formed, leading to proper segregation of the homeologues.  This indicates that the 
partial fertility observed for the hybrids is unlikely to be due primarily to errors in meiotic 
segregation (see Quiros 1991. pp. 131-132). 

So far our cytogenetic results generally support the phylogenetic tree (Fig. 1) in 
that the further species are separated from tomato on the phylogenetic tree, the more 
numerous and severe the synaptic irregularities observed in the hybrids.  For example, 
only two mismatched kinetochores were observed in the tomato X S. pimpinellifolium 
hybrid, while at least five are visible in the tomato X S. pennellii hybrid and in the tomato 
X S. habrochaites hybrid.  On the other hand, S. chmielewskii is located much closer to 
tomato on the phylogenetic tree than S. pennellii and S. habrochaites, but the tomato X 
S. chmielewskii hybrid also has at least five mismatched kinetochores as well as a 
translocation.  We have not yet determined whether the mismatched kinetochores occur 
on the same five bivalents in the hybrids.  Examination of additional hybrids and a 
quantitative comparison of synaptic irregularities among hybrids should aid in defining 
relationships within the tomato clade. 
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Figure 2.  SC spread from a tomato X S. pennellii F1 hybrid.  Note mismatched 

kinetochores on at least five bivalents (KK). Fold-back synapsis is also visible (arrows), 
as well as RNs on every bivalent (e.g., arrowheads).  The bar represents 5 µm. 

 
 
 

 
 
 
 
Figure 3.  Early pachytene SC from a 
tomato X S. pennellii F1 hybrid.  Note the 
inversion loop and RNs in both arms 
(arrows).The bar represents 2 µm.  
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