Female Families - The Taproot Mares
	     The FF#s were first established in the late 1800’s by recognizing the tail-female lines of the winners (both historically and the then-present) of three classic races in England (the Derby, the Oaks, and the St. Leger). From these three races, the qualification grew to 296 superior races by 1917.  This has now grown to contain winners from all major classic races, (including the Triple Crown, Breeder’s Cup Day and Breeder’s Cup Races) and all Grade/Group 1, 2, 3, races worldwide.
    Tracing the charts of Bruce Lowe, Herman Goos (The Polish Tables), J. D. Frentzel, Captain Kazimierz Bobinski (The Bobinski Tables) and the books of Toru Shirai (The Japanese Books) enable us to define those female families that have withstood the test of time and have consistently produced many of the world’s finest racers (winners). Some would call these females Blue Hens or Taproot mares. (The distinction of the terms ‘Taproot’ or ‘Blue Hen’ recognizes the production capabilities of certain female family lines that consistently produce quality stakes performers.) Of more than one hundred twenty-four Female Families, there are twenty-seven predominant families, (split into two main groups; 1st Tier and 2nd Tier) which consistently produce superior performers. These are presented in boxes later in this chapter. An analysis of the FF# within the top and bottom lines of a pedigree, truly shows the breeding potential of a horse.  With the use of the modern computer, the numbers have evolved into the numbers presented today. Without doubt, the numbers shown today will continue to evolve.
    The use of modern technology has also enabled us to define those Female Families that produced the best runners (a.k.a. Running Numbers:  1-2-3-4-5) and which families produced the best sires (a.k.a. Sire Numbers:  3-8-11-12-13-14). The best sires either traced directly tail-female, (see illustration next page) to these 5 sire families, and/or were inbred to them. Using this as a guide, one wants to breed a foal in which the first 3 removes of the pedigree contain both a minimum 12.5% of the sire line numbers and a minimum 50% of running line numbers.  Note:  The above numbers are the FF#s; BUT they are considered numbers only without any alpha designation.
    Regardless of the gender of a horse, each Female Family number distributes its genetic strengths equally to resulting foals.  Number’s such as 1-S, 2-D, 5-H, etc. identify a foal and connect it to a certain female family. When a colt becomes a sire, he maintains his status as a member of that certain female family. Though he cannot transmit that particular female family number on to his progeny, he can pass down the attributes of that family. As the producer, only a filly can pass on both the female family number plus its influences to the next generation, and therein lays the strength or weakness of the female family.
    When purchasing a broodmare, do not overlook the unraced or little raced individuals. If their pedigree contains the strengths and combinations of certain female families, when combined with the correct stallion (containing the needed sire numbers, or running family numbers) they could produce a foal of considerable potential. Getting the desired kind of foal starts much further back than the mare or sires themselves. A mare that appears to be “nothing but a loser” may actually warrant an in depth examination of her pedigree components (Female Family numbers).  Begin to realize that she, like many overlooked individuals, is in fact a winner and a queen in the realm of stakes production just waiting to “make it happen” when bred to the correct stallion.  Alec Wildenstein, in his interview with Highflyer Journal, says that, “For me, ideally, good broodmares must be heavily inbred and then be bred to an outcross stallion. The outcross gives a lot of strength, gives the stallion power, and the mares must be highly inbred. For example Free French, the dam of Falling Star (dam of Freedom Cry). We planned the mating for her, and she is 3 x 3 Native Dancer. She was very small, very tough, but really would have only lasted 4 1/2 furlongs, and she never ran. We bred her daughter, Falling Star, to Soviet Star to get Northern Dancer 3 x 3. Even though Free French was a small filly, and Northern Dancer is a small horse, Veruschka, the dam of Soviet Star was a big horse, and Soviet Star is a big horse, so it is important to know individuals.
    One should note the same in stallions when considering a sire for a prospective breeding.  Finding a quality sire may simply be the result of identifying the influential female families in his pedigree. Genetic strength comes from combining the correct female families through choosing sires containing compatible female families in their pedigree. Acknowledging this fact will open the door to a variety of stallions for each of your broodmares. Strive for a balanced pedigree, which embraces the contributions from top female families, and you will improve the odds of success.  ‘Return to the sire the best blood of his dam.’
    Alec Wildenstein, who generally has about 50 broodmares on hand, states that there is one very important mistake that a breeder should try to avoid at all costs. He says, “With too many mares you don’t spend sufficient time on planning the matings. You lose track, and worse, you begin to use your own stallions just because they are available – this is the biggest mistake a serious breeder can make.” Clearly, in-depth knowledge of the pedigree and careful planning are of utmost importance to the serious breeder.
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	     Tracing the works of Bruce Lowe, Herman Goos, Captain Bobinski, and Toru Sharai whose works have been mentioned above can enhance a breeder’s knowledge. As Alec Wildensten points out, he “learned a great deal from the Bobinski tables. Female families are a little like painters, or at least the birthplaces of painters; rather like the development of nation’s cultures. For example, France gave everything in the 18th and 19th centuries: opera, art, and playwrights – today countries such as Japan and America are dominant. Next time, when her problems are resolved, it could be Russia.”
    Wildenstein also mentions studying the work of the Thoroughbred Record Stallion Directory to see what works. He says, “Almost every horse there had something or he would not have been (listed) there – and I went through it just looking trying to see what had worked. Every time I see major stakes winners, I pull the six-generation pedigree out and then study them. It’s surprising what you can learn if you study the six-generation pedigree. If you take a look at Cigar, everyone says he is badly bred, but he is astutely bred.
Breeding by the Numbers
    This is one of the most important methods of breeding superior racehorses, and is recognized as a worldwide practice.  It has been seen that the best blood in a sire should be nicked, but it has not been distinctly laid down as a general law that the best blood of the stallion’s dam should be nicked in preference to his sire’s side of the pedigree table.  This is the key to breeding by the numbers.  There is a saying “he is the son of his mother,” or “she is the daughter of her father.”  It is a generally accepted rule in physiology that a brilliant son inherits his talents from his mother; and where the daughters of a family are more brilliant than the sons they inherit from the father.  Therefore it appears only reasonable that whatever good quality or strain of blood the mother possessed, and which gave her the power to produce a great son and sire; is precisely that strain we should look for in his mates.
    Listed below are the two tiers of the most powerful female families in the world. These female families are responsible for over 57% of the major winners of the most important races in the racing world.  These female family numbers will continue to both evolve and change in the coming years.


 

	1st Tier
	2nd Tier

	1-s
	(La Troienne)
	1-C
	(Etoile Filante)

	1-W
	(Lavendula)
	1-L
	(Illuminata)

	1-n
	(Popinjay)
	1-k
	(Humanity)

	2-s
	(Assignation)
	3-L
	(Lassie Dear)

	2-d
	(Natalma)
	4-D
	(Flower Bowl)

	4-m
	(Audience)
	4-r
	(Catnip)

	5-h
	(Goody Two Shoes)
	5-f
	(La Chica)

	8-c
	(Belle Rose)
	8-h
	(Atlanta)

	8-f
	(Torpenhow)
	9-e
	(Fairy Gold)

	9-c
	(Lady Josephine)
	9-h
	(The Squaw)

	9-f
	(The Apple)
	12-c
	(Laura Gal)

	13-c
	(Myrtlewood)
	14-f
	(Word of Honor)

	14-C
	(Kamar)
	16-c
	(Little Agnes)

	21-a
	(Simon Lass)
	20
	(Slipper)

	23-b
	(Gallopade)
	 
	 


 

	   A balanced pedigree, (containing a combination of both running and sire numbers) combined with the resolution to breed for speed and stamina will create a higher probability of achieving a superior performer.
    If your mare, in the first three removes, contains one or less of sire numbers 3, 8, 11, 12, 13, 14, then look at stallions who are abundant with these figures, out-crossing whenever possible.
    If your mare, in the first three removes, contains two or more of sire numbers 3, 8, 11, 12, 13, 14, then find a stallion who is abundant in running numbers 1, 2, 3, 4, 5, out-crossing whenever possible.
    If your mare, in the first three removes, is missing the running numbers 1, 2, 3, 4, 5, or sire numbers 3, 8, 11, 12, 13, 14, then look for a sire who is balanced in both sire and running numbers.




 

	Below is a portion of the actual Preface of Tables of Racehorses from my copy of this publication, which is most relevant to the issues here at hand. As we have noted before, pedigrees can be carefully studied given the history of important works such as those by Bruce Lowe, Herman Goos, J.D. Frentzel, Captain Bobinski, Toru Shirai, and other contemporary works on hand. As we know, current study could not occur without the tremendous work of these predecessors. Please note the manner of speech and punctuation as used in England fifty years ago, and be patient while reading. The message here is that Federico Tesio, was a contributor to the compilation of the Bobinski Tables.  Thus, Tesio was a believer in utilizing the Female Family numbers not just the line breeding principals.  As you know, Tesio never wrote a book concerning his breeding systems or methods and in fact delighted in confusing those who made inquiries. But this work clearly demonstrates his support and use of the female families in his breeding program.
It is hoped that, by this publication, the wish expressed in 1791 in the preface to "An Introduction to a General Stud Book” will now have been realized. And that it will have succeeded in bringing together a novel authenticated collection of Pedigrees, of the most noted Horses and Mares, from the earliest period. Equine genealogical research has ever been inspired by the desire to improve the quality and capabilities of the race​horse. The object of this work is to provide a general basis by which experiment may be guided towards the accomplishing of this intention, in accordance with the principles of heredity, without losing sight of the imponderables governing all, forms of natural reproduction.
    Should these Tables contribute to the attainment of a greater measure of international co‑operation for the advance​ment of racing and breeding, our purpose will have been fulfilled.
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*Having to rely on his own ability, knowledge and expertise in breeding due to extremely modest resources available to him, Tesio bred his mares to 30 different stallions.  The foals became the best foals from those stallions out of their entire crop...the information he used are the Female Family numbers, Dosage, and what's called today...
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The Four Balancing Factors
. In addition, Tesio did not write any books about his breeding methods. But he was a co-author of Volume 1 of the Bobinski Tables. Thus, we have a clue to his support of the Female Family numbers.

 

    
	     In 1989, Toru Shirai took the Bobinski tables and expanded on them, which of course expands on the work already done by Bruce Lowe, Goos, and Frentzel. Shirai’s work is compiled today into what are called the Japanese Books. The Japanese Books are an important link, which spans the work of Bruce Lowe and the current work of today. Without the excruciatingly difficult work of Bruce Lowe, we would not have the knowledge of pedigrees that we now have today. Lowe’s work has been the cornerstone of breeding study for over 100 years. His carefully researched work led to the all but automatic inclusion of the Female Family numbers, which led to the creation of pedigrees.  
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	History and integrity of thoroughbred dam lines revealed in equine mtDNA variation.
E. W. Hill, D. G. Bradley, M. Al-Barody, O. Ertugrul, R. K. Splan, I. Zakharov and E. P. Cunningham
*Department of Genetics, Smurﬁt Institute of Genetics, Trinity College, Dublin, Ireland. Animal Production Department, Faculty of Agriculture, Minia University, Minia, Egypt. Veterinary Faculty, Ankara University, Ankara, Turkey. Department of Animal and Poultry Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA. Vavilov Institute of General Genetics, Russian Academy of Sciences, Moscow, Russia.
Summary
Mitochondrial DNA (mtDNA) D-loop sequences (381 bp) from 100 thoroughbreds in 19 of the most common matrilineal female families were used to reconstruct a founder female population for the thoroughbred (1650–1750 AD). Seventeen haplotypes were found to have contributed to the 19 female lineages. In order to place the reconstructed founder population in wider historical context, we examined, using both single strand conformation polymorphism and direct sequence analysis, variation in a 343 bp mtDNA fragment in that population and 13 other horse populations of disparate provenance. Interpopulation diversity analyses revealed no signiﬁcant difference in variation between the thoroughbred founder population and the 13 other diverse horse populations and suggested a non-random partitioning of diversity among geograph​ically diverse horse populations. Within thoroughbreds, almost half of the female families, which are each considered from pedigrees to have matrilines converging to one of >30 historically recognized female ancestors, contained sequences which were inconsistent with common descent. Examination of the anomalies in the context of pedigree records suggests the majority might be best explained as confusion of mares at the foundation stages, although some could have some bearing on more recent (19th century – 1980) lineages. We have used this combination of molecular and historical information to identify some of the founder dams and to make new inter​pretations about the early history of the thoroughbred. 
Keywords Equus caballus, horse, mitochondrial DNA, pedigree, population genetics, sequence, thoroughbred founder.
Introduction 
    The genesis of the thoroughbred in the 17th and 18th centuries owes much to the close association and enthusiasm of the Tudor and Stuart kings for horse racing. These monarchs, along with associated gentry, endeavored to breed improved racehorses by crossing local running horses with imported Eastern stock (Willett 1975). The development of the thoroughbred was greatly encouraged by the appointment to the court of James I of George Villiers as Master of the Horse (1616 AD) and later of James Darcy as Master of the Royal Stud (1660 AD) under Charles II (Prior 1935). Following some minor importations to Britain of exotic horses in the early 1600s, signiﬁcant numbers of horses with Arabian, Turk and Barb ancestry were introduced towards the end of the century (Wentworth 1938; Willett 1975). Although a General Stud Book (GSB) was established in 1791 AD (Weatherby & Sons 1791), the precise origins of the thoroughbred still remain largely unclear mainly because of limited or inaccurate recording of pedigrees in the early foundation stages. Today, however, this stud book contains the oldest, most comprehensive record of all domestic animal pedigrees and is maintained under a strict registration process requiring, since the mid​1980s, veriﬁcation of parentage by blood-typing and DNA analysis. 
While only three predominant male thoroughbred lineages are recognized (Darley Arabian, Byerley Turk and Godolphin Arabian) pedigree analyses indicate that 30 founder mares have contributed to 94% of modern maternal lineages (Cunningham et al. 2001). The GSB listed 78 of the earliest known mares but acknowledges the presence of numerous errors and duplications and there remains much speculation about thoroughbred maternal ancestry. 
A system (Bruce Lowe’s Family Figure System) for the classiﬁcation of thoroughbred female lines was devised by the end of the 19th century that traced all mares in the GSB at that time as far back as possible in direct maternal descent to one of 43 founder mares, descendants of which are considered a family. These are ranked in order of the number of Classic race winners prior to 1890 that were members of that family and named according to that rank, i.e. Family 1 had the most Classic race winners, Family 2 the second most, etc. (Lowe 1913). Today, family assignment is often considered an important indicator of genetic value within the multibillion dollar thoroughbred industry. Also, speciﬁc mating combinations between families are sometimes considered more or less auspicious than others. We have used this system to identify descendants of 19 of the most common female families (Table 1) in a large resource of thoroughbreds. 
    Because of organelle maternal inheritance (Hutchinson et al. 1974), mitochondrial DNA (mtDNA) haplotypes should be shared by all individuals within a family. Stability of maternal inheritance within documented horse pedigrees has been demonstrated in both Lippizan (> 200 years) (Kavar et al. 1999) and Arabian (100 years) (Bowling et al. 2000) horses.  
Materials and methods 
    Mitochondrial DNA sequences were determined by direct sequencing or inferred by comparative single strand conformation polymorphism (SSCP) analysis for 100 thoroughbreds (blood samples) representing 19 female families. A further 81 sequences were generated in the same way for individuals (hair samples) from seven other horse populations [Far East: Tuva (n = 11); Near East: Anatolian (n = 13), Cukorova (n = 12), Egyptian (n = 8), Fulani (n = 11); Europe: Connemara (n = 12), Shetland (n = 14)]. DNA extractions were carried out using a standard phenol/ chloroform extraction protocol.
Table 1.  Thoroughbred founder families considered by historical pedigree records and by genetics illustrating the extent of sequence sharing among families and the occurrence of anomalous sequences within families.  In families with more than one sequence, the founder haplotype is indicated by an asterisk. 


 

	Family number 
	Founder mare 
	Approximate date 
	n 
	Haplotypes 
	Type of anomaly 

	1 
	Tregonwell’s Natural Barb Mare 
	1657–1670 
	9 
	F, H* 
	MOD 

	2 
	Burton’s Barb Mare 
	1660–1685 
	7 
	F 
	– 

	3 
	Dam of the Two True Blues 
	1690 
	6 
	E 
	– 

	4 
	Layton Barb Mare 
	1650 
	10 
	J 
	– 

	5 
	Massey Mare 
	1714 
	4 
	L*, M 
	DR 

	6 
	Old Morocco Mare 
	1656 
	3 
	C*, N 
	DR 

	7 
	Lord Darcy’s Blacklegged Royal Mare 
	1710 
	5 
	F 
	– 

	8 
	Bustler Mare 
	1680 
	6 
	F 
	– 

	9 
	Old Spot Mare 
	1700 
	10 
	A*, G 
	DR 

	10 
	Grey Childers Mare 
	1741 
	1 
	B 
	– 

	11 
	The Pet Mare 
	1697 
	4 
	J*, L, P 
	MOD & MUT 

	12 
	Royal Mare 
	1700 
	3 
	G*, Q 
	MUT 

	13 
	Sedbury Royal Mare 
	1665 
	6 
	J 
	– 

	14 
	Oldﬁeld Mare 
	1695 
	7 
	D 
	– 

	16 
	Hutton’s Old Spot Mare 
	1695 
	8 
	F*, H 
	MOD 

	17 
	Byerley Turk Mare 
	1700–1710 
	2 
	F 
	– 

	19 
	Davill’s Woodcock Mare 
	1690 
	7 
	K*, O 
	MOD 

	22 
	Belgrade Turk Mare 
	1718 
	1 
	F 
	– 

	25 
	Brimmer Mare 
	1699 
	1 
	I 
	– 


 

	MOD: Relatively recent anomaly in modern pedigree; DR: deep rooted anomaly, possible foundation stage confusion; MUT: possible de novo mutation; *Founder haplotype.  2002 International Society for Animal Genetics, Animal Genetics, 33, 287–294
Polymerase chain reaction (PCR) primers for the mitochondrial hyper variable region were designed based on published horse sequence (Xu & Arnason 1994). The entire mtDNA D-loop region between nucleotides 15 351 and 30 was ampliﬁed in one representative (family reference) from each thoroughbred family (n = 19) and all individuals (n = 81) in the other breeds using primers FP 5'-CAC TGA AAA TGC CTA GAT GA-3' and RP 5'-ACA CCA GTC TTG TAA ACC AG-3'. PCR was performed in a 20-ll reaction: 1· Platinum® Taq PCR buffer (20 mM Tris–HCl, 50 mM KCl), 1.5 mM MgCl2,1 lM of each primer, 0.2 mM of each dNTP, 2 U Platinum® Taq DNA polymerase (GibcoBRL®, Invitrogen Corp., Calsbad, CA, USA), distilled H2O. Thermal cycling was carried out on an M J Research PTC100 thermal cycler at an annealing temperature of 55 °C. 
DNA sequencing of the PCR product between nt 15 437 and 15 847 was performed using a SequiTherm EXCELTM II DNA Sequencing Kit (Epicentre Technologies, Madison, WI, USA) with infrared dye (IRD) labeled internal sequencing primers: IRD700 5'-CTA GCT CCA CCA TCA ACA CC-3' and IRD800 5'-ATG GCC CTG AAG AAA GAA CC-3'. The IRD labeled chain-terminated fragments were separated according to size on an acrylamide gel on a LI-COR4200® automated sequencer (LI-COR Inc., Lincoln, NE, USA) and read using the LI-CORBase® ImagIR software (LI-COR Inc.). In total, 381 bp sequence (nt 15 456–15 837) was generated and analyzed in thoroughbreds. A shorter 343 bp (nt 15 476–15 818) stretch was generated for other populations. When inter-population comparisons were performed, the shorter fragment was used. Sequences have been deposited in GenBank (accession numbers AF481232–AF481334). 
SSCP analysis was carried out, for thoroughbreds only, using primers FP 5'-TAG CTC CAC CAT CAA CAC C–3' and RP 5' -GCT GAT TTC CCG CGG CTT GG-3' which ampliﬁed nt 15 437–15 743. PCR was performed in a 10-ll reaction: 1· Platinum® Taq PCR buffer (20 mM Tris–HCl, 50 mM KCl), 1.5 mM MgCl2,1 lM of each primer, 0.2 mM of each dNTP, 0.5 lCI a-32P dCTP, 2 U Platinum® Taq DNA polymerase (GibcoBRL), distilled H2O. Thermal cycling was carried out on an M J Research PTC100 thermal cycler at an annealing temperature of 55 °C. PCR products were run on an acrylamide gel containing glycerol at 4 °C at 8 W for 14 h. Individuals from the same families were loaded beside each other, including the family reference. All gels were analyzed by direct observation following exposure to X-ray ﬁlm. When an SSCP pattern different to the family reference was observed within a family, direct sequencing of the sample was performed. 
For greater geographical reference, a further 28 sequences, from six additional populations [Far East: Mon​golian (n = 4), Cheju (n = 7), Tsushima (n = 2), Yunnan (n = 2); Europe: Lippizan (n = 10), Belgian (n = 3)] were taken from GenBank (accession numbers – Belgian: AF064630–2; Cheju: AF014405–8, AF014410–12; Lippizan: AF168689–98; Mongolian: AF014413–15, AF056071; Tsushima: AF169009–10; Yunnan: AF014416–17). Complete data for all 14 populations were analyzed for 326 nucleotide sites in 343 bp (missing data and indels were ignored) between nt 15 476 and 15 818 (Xu & Arnason 1994). 
Sequences were aligned using the ClustalX Multiple Sequence Alignment Program (version 1.81) (Thompson et al. 1997). Ignoring gaps in the sequence a neighbor joining phylogeny was created in ClustalX and viewed in TreeView. The probability of identity (PI), the probability that two individuals in a population share an identical haplotype, was estimated as the sum of the product of the frequency of each haplotype in that population (PI = Σak2 where a is the frequency of the kth haplotype) (Bowling et al. 2000). All other diversity statistics were calculated in Arlequin version 2.0 (Schneider et al. 2000). 
Results 
    In the thoroughbred, 39 polymorphic sites (three indels, 35 transitions, one transversion) in a 381 bp mtDNA D-loop fragment deﬁned 19 haplotypes in the 19 female lineage families. When insertion/deletion events were ignored, 17 haplotypes were found to have contributed to the 19 female lineages (Table 2). However, only 11 families conserved a single haplotype, i.e. more than one haplotype was detected within eight of the 19 families (Table 1). In six of these eight mismatched families there was one predominant sequence with a single mismatched sample. Anomalous sequences in two families (Families 11 and 12) differed from the numerically predominant (majority) sequence in the family by only one nucleotide substitution and it is possible that these two could be a result of de novo mutation. We suggest that the extent of nucleotide differences (>2–14 nt) between the majority and anomalous sequences in the other heterogeneous families (Families 1, 5, 6, 9, 11, 16 and 19) are best explained by confusion between horses from either another family sharing the anomalous sequence, a family not represented in this sample, or a non-thoroughbred. One family (Family 11) had two aberrant sequences and in another family (Family 9) two sequences were represented approximately equally (11 nt divergent). Pedigree analysis has allowed some determination of the anomalies in time, indicating some possible foundation stage confusions where these occur at a potentially deep root in a pedigree (Families 5, 6, and 9) or alternatively, more recent (19th Century ~ 1980) confusions when placed within a relatively modern lineage (Families 1, 11, 16 and 19) (Fig 1: Table 1).  
Table 2 Variable nucleotide positions in a 381 bp mtDNA D-loop fragment in 19 of the most common thoroughbred female families. Haplotypes A–L were considered founder haplotypes and were used to reconstruct a thoroughbred founder population. Haplotypes M–Q may have arisen by mutation or derive from a family founder not represented in this study. Reference sequence from GenBank X79547


[image: image3.jpg]NG W, sy DR R

ot <

c
Teca
e

e
c





	(Families 5, 6 and 9) or alternatively, more recent (19th century – 1980) confusions when placed within a relatively modern lineage (Families 1, 11, 16 and 19) (Fig. 1; Table 1). 
    In order to reconstruct a founder population (1650– 1750 AD) for the thoroughbred we assumed* the majority haplotype within each maternal lineage family to represent the founder sequence. In Family 9, where two sequences were detected in approximately equal proportions, the haplotype that was not shared with another family was inferred (A). Following this assumption*, we have identiﬁed 12 distinct founder haplotypes (A–L) in a reconstruction of the founder population. Ten of these founder haplotypes (A–E, G–I, K–L) were unique to single families and two (F, J) were shared by more than one family. The remaining ﬁve haplotypes may have arisen by mutation or derive from a family founder not represented in this study (M–Q). The most common thoroughbred haplotype (F) shared by six (Families 2, 7, 8, 16, 17 and 22) of the 19 founders (frequency: 0.32), was found twice as often as the most common haplotypes (mean = 0.15; range = 0.13–0.17) in four horse populations which approximate as representatives of ancestral source populations (Connemara, Anato​lian, Cukorova, Egyptian) for the thoroughbred. The estimated PI of haplotypes in contemporary populations ranged from 0.09 to 0.24 and was 0.15 in the thoroughbred founder population. 
In a wider equine comparison, 88 polymorphic sites (24 indels, 56 transitions, eight transversions) in a 343 bp fragment deﬁned 92 horse sequences in the 19 thoroughbred families and 109 individuals from 13 geographically diverse populations. When indels were ignored, 64 polymorphic sites deﬁned 74 distinct haplotypes. Using this mtDNA fragment, the phylogenetic relationships between modern horse sequences and thoroughbred founder haplotypes were reconstructed in a neighbor joining phylogeny (Fig. 2). The labeled clades in this unrooted tree corresponded to those determined by Vila et al. (2001) although within this sequence no distinction was made between clades A and E. No clear geographic afﬁliation of clades was apparent except clade F, which almost exclusively contained sequences from the Far East (frequency: 0.54) and the Near East (0.46) with the exception of one European (0.08) haplotype. No thoroughbred sequences were found within this clade. 
The mean number of pairwise differences observed among all horse sequences was estimated as 7.51 or 2.30%. If the average rate of equid mtDNA divergence is assumed* between 4.1 and 8.1% per million years (Vila et al. 2001) then the average coalescence for modern horse mtDNA sequences is estimated between 280 000 (lower limit) and 560 000 (upper limit) years before present (YBP), dates consistent with previous estimates for the horse (Vila et al. 2001). 
    An ancient divergence of horse lineages is supported in an analysis of population structure. When populations were grouped according to geographical origin (Far East: Cheju, Mongolian, Tsushima, Tuva, Yunnan; Near East: Anato​lian, Cukorova, Egyptian, Fulani; Europe: Belgian, Conne​mara, Lippizan, Shetland) in an analysis of molecular variance, the greatest partitioning of genetic variation was detected among individuals within populations (92.4%). Although a signiﬁcant proportion of the variation (7.9%) is partitioned non-randomly among regional populations, no difference was detected among the three regionally distinct groups, despite a tentative eastern-speciﬁc clade in the phylogeny. No indication of regional clustering of variation was detected from pairwise Fst genetic distances between populations (Table 3).
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	Figure 1 Pedigree trees for thoroughbred female families. The end of each branch represents a contemporary thoroughbred tracing in direct maternal lineage in the General Stud Book (GSB) to one the founder dams (name and approximate date of birth given), descendants of which are considered a family. Pedigrees are illustrated relative to a linear time scale. The anomalous lineages (thin broken line) in Families 11 and 12 are possible de novo mutations. All other anomalous dam lines are indicated by thick broken lines to include all descendants of the most recent common ancestor between the anomalous and typical haplotypes. Descendants (lineages shown by thick broken lines) of Maid of the Glen 1858 (1), Hag 1744 (5), the dam(s) of Betty Percival 1715 and Cream Cheeks 1695 (6), a Curwen Bay Barb Mare 1708/1709 (9), Young Camilla 1787 (11), Lady Alice 1855 (16) and Violet 1858 (19) may contain a genetic heritage different to that which pedigree information suggests. 
    No difference in nucleotide diversity was detected between the thoroughbred founder and contemporary horse populations.  In the horse, a range between 1.81% sequence divergence in the Fulani and 3.10% in the Tuva was observed.  Mean sequence diversity in the thoroughbred founder population (2.25%) was similar to estimates for the Anatolian (2.09%), Cheju (2.22%), Connemara (2.24%) and Culcorova (2.43%) populations.
Discussion
    The examination of detailed pedigree records documenting the history of the thoroughbred, coupled with mtDNA sequence analysis, has facilitated the first in-depth investigation of the founder mares of the thoroughbred.  Genetic diversity estimates in the thoroughbred female founders are not dissimilar to observed estimates in contemporary horse populations (Table 3).  However, the examination of horse population diversity reveals a consistent absence of geographical structure and a lack phylogenetic sorting of haplotypes into divergent but inwardly invariant groups as seen in other large domesticates (MacHugh & Bradley 2001).  Such heterogenous genetic origins of the horse prevent us from making any firm statement about thoroughbred origins per se- thoroughbreds might equally descend from a single diverse source population as they may have evolved from several populations, though historical records suggest the latter (Willett 1975). 
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	Figure 2 Neighbor joining phylogenetic tree relating mitochondrial DNA (mtDNA) haplotypes in horse populations from three geographically widespread regions. A founder population for the thoroughbred was reconstructed from sequence and pedigree information and the haplotypes therein are represented in the tree as stars (Haplotypes A–L). Although considered separate founders in 381 bp Families 10 and 14 (Haplotypes B and D) share an identical sequence in 343 bp and therefore share the same node in this tree. Haplotypes cluster in ﬁve distinct clades similar to those determined by Vila et al. (2001), although in this sequence, clades A and E are indistinguishable.
    The uncertainty of the origins of the thoroughbred is a consequence of the domestication history of the horse.  High diversity estimates, limited deﬁnitive haplotype clustering within populations and random distribution of diversity among horse populations is consistent with the capture and exploitation of genetically diverse wild progenitors having taken place in multiple locations, possibly over a broad time span throughout the >6000 years association between humans and the horse (Brown & Anthony 1998: Vila et al. 2001).  The high mobility of the horse, enabled by the nature of it's domestic roles will also have led to an obscuring of the genetic structure within the species through post-domestic migration.  Haplotype sharing among thoroughbred founders is much higher than observed in other horse populations.  The estimated PI in the thoroughbred founder population (0.15) suggests that at least 15 in 100 randomly sampled thoroughbreds (given that all founder lineages are represented equally) share an identical sequence.  This is three times the observed PI in Arabian horses (0.05) (Bowling et al 2000) and higher than in all other populations examined her except the Fulani (0.24) and Shetland (0.23), though these estimates may be biased by unintentional sampling of relatives.  In the thoroughbred, because PI estimates are much higher in founders than expected we propose that some thoroughbred lineages may descend from common dams.  
    For example, the coupling of this genetic information with pedigree records strongly indicates that Families 4 (Layton Barb Mare 1670), 11 (The Pet Mare 1697) and 13 (Sedbury Royal Mare 1665) may descend from a single common founder.
 

Table 3 Population pairwise Fst genetic distances among populations and mean number of pairwise differences within populations of geographically disparate horses. 


 

	 
	Cheju 
	Tuva 
	Anatolian 
	Cukorova 
	Egyptian 
	Fulani 
	Shetland 
	Lippizan 
	Connemara 
	TB founders 

	 
	(n ¼ 7) 
	(n ¼ 11) 
	(n ¼ 13) 
	(n ¼ 12) 
	(n ¼ 8) 
	(n ¼ 12) 
	(n ¼ 14) 
	(n ¼ 10) 
	(n ¼ 12) 
	(n ¼ 19) 

	Cheju 
	7.238 
	) 
	) 
	) 
	) 
	+ 
	) 
	) 
	) 
	+ 

	Tuva 
	(4.59) 0.000 
	10.109 
	) 
	) 
	) 
	) 
	) 
	) 
	) 
	+ 

	Anatolian 
	0.010 
	(14.84) 0.002 
	6.800 
	) 
	) 
	) 
	) 
	) 
	) 
	) 

	Cukorova 
	0.033 
	0.000 
	(8.29) 0.005 
	7.924 
	) 
	) 
	) 
	) 
	) 
	) 

	Egyptian 
	0.000 
	0.000 
	0.000 
	(11.67) 0.008 
	9.250 
	) 
	) 
	) 
	) 
	) 

	Fulani 
	0.145* 
	0.042 
	0.051 
	0.047 
	(10.86) 0.064 
	5.909 
	+ 
	) 
	) 
	) 

	Shetland 
	0.075 
	0.021 
	0.065 
	0.000 
	0.073 
	(14.39) 0.100* 
	8.363 
	) 
	) 
	+ 

	Lippizan 
	0.000 
	0.000 
	0.000 
	0.040 
	0.000 
	0.061 
	(14.72) 0.072 
	9.267 
	) 
	+ 

	Connemara 
	0.104 
	0.035 
	0.000 
	0.000 
	0.036 
	0.022 
	0.037 
	(11.47) 0.052 
	7.288 
	) 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	(9.808) 
	 

	TB founders 
	0.173* 
	0.100* 
	0.056 
	0.065 
	0.077 
	0.085 
	0.131 
	0.120* 
	0.002* 
	7.322 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	(19.49) 

	Above diagonal (and *): signiﬁcant Fst P-values in 110 permutations at signiﬁcance level of 0.05; diagonal elements: mean number of observed pairwise differences (and variance) within populations; below diagonal: population pairwise Fst genetic distances.
    The founder haplotype in each is identical (Haplotype J), all three were owned by James Darcy, were kept at Sedbury Stud and lived at about the same time.  Further, most historical literature, including GSB entries, entertains this notion, though none is conclusive (Lowe 1913: Wentworth 1938: Prior 1935).  The GSB records that a daughter of the Layton Barb Mare 1670 (Family 4) produced two foals.  One was unnamed, but bred by James Darcy's daughter, may have been The Pet Mare 1697 (Family 11).  Also, some sources argue that The Pet Mare 1697 may have been a synonym for Grey Royal 1697, granddaughter of the Sebdury Royal Mare 1665 (Family 13).
    It has also been persuasively argued that the Family 7 founder, Lord Darcy's Blacklegged Royal Mare 1710, shared a common ancestress with these three families (Prior 1935), but our results give two different haplotypes (F and J, 11bp different) and indicate this cannot be the case.  However, haplotype matches suggest possible matrilineal relationship between Family 7 and one or more of the founders of Families 2, 8, 16, 17 and 22.  Some historical literature infers these five families descend from a single common founder, but no historical records suggest any link with the Family 7 founder.
    We propose that as few as 12 founders may have contributed to the major lineages within the 19 thoroughbred families included in this study.  However, if we also consider the deep-rooted anomalies, which probably result from confusion at the foundation stages, then Families 5 and 6 both have a contribution from an additional founder (Haplotypes M and N).  The deep-rooted Family 9 anomaly (Haplotype G) may best be explained by confusion with the founder of Family 12.  In fact, only one anomalous haplotype (Haplotype O, Family 19) in a relatively modern pedigree (19th Century - 1980) is not accounted for by a match with another sampled family.
    Although each family is expected to have only one founder and this founder is considered to contribute to one family only we have uncovered a web founder sharing.  Female founders, as they are currently understood, may have contributed differently to these 19 families than previously thought.  Further, descendants of Maid of the Glen 1858 (1), Hag 1744 (5), the dam(s) of Betty Percival 1715 and Cream Cheeks 1695 (6), a Curwen Bay Barb Mare 1708/1709 (9), Young Camilla 1787 (11), Lady Alice 1855 (16) and Violet 1858 (19) (Fig 1) may contain a genetic heritage different to that which pedigree information suggests.
    The coupling of genetic and historical data provides a powerful tool to identify and correct errors that may present in contemporary thoroughbred pedigrees.  This is vital for thoroughbred breeders who rely on the accuracy of stud books, as million-dollar decisions are frequently made based on the integrity of the pedigrees they record.  Also, such parallel analyses lend new perspective to the interpretation of the early history of the thoroughbred and the contribution of the founder mares to the present day thoroughbred gene pool.
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For Consideration
 

	* It is not in the best interest of the scientific community to "assume" anything.   The basis (foundation) of the numbering system is to define the females producing the most winners of the Classic races.  It appears any need to adjust or recreate pedigree history is not needed.  The study presented here, seems flawed by assuming too many protocol items or methods. Today, DNA can not be dated as to any time period. Thus this study seems to miss the genetic fact that families do branch! (accounting for some differences)  That's science for you!
- UltiMate 2000©


