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Abstract: 

Four seedling seed orchards each of Eucalyptus (two each of E. camaldulensis and E. tereticornis) and Casuarina (two each of C. equisetifolia and C. junghuhniana) located at climatically different sites in southern India were evaluated at four years for fertility variation and its impact on the seed crop. Diversity of the seed orchard crops was compared with that of natural provenances and local land race seedlots using DNA (Inter simple sequence repeat) markers. 

The frequency of flowering trees was low in the Eucalyptus orchards (less than 30%) except in one orchard which had 73% flowering trees.  The sibling coefficient (() in the orchards varied from 2.2 to 17.4 and the corresponding relative effective population size, (Nr) varied from 0.45 to 0.06.  Casuarina orchards on the other hand had high fertility with more than 80% fertile trees except in one C. junghuhniana orchard which had only 45% flowering trees.  Fertility variation in Casuarina was higher in the inland location ((=5.8 & 7.06) compared to the coastal site ((=2.7 & 2.9). Nr values ranged from 0.17 to 0.36.

Analysis of molecular variation in the Eucalyptus seed lots revealed that 65% of the variance was between seedlots and 35% occurred within the seedlots.  In Casuarina seed crops it was 54 % and 46% between and within the seedlots.  The principal component analysis revealed 3 major groups in each genus with the orchard seedlots of each species clustering separately from the natural and local land race seedlots.

The percentage polymorphic loci in the Eucalyptus seed orchard crops was higher (26.1 to 30.7%) than for a bulk seedlot of natural E. camaldulensis provenances (17.9 %).  In Casuarina, the % polymorphism in the orchard seedlots varied from 8.3 to 29.9%. The local land race had comparatively lower molecular diversity than the orchard seedlots in both genera. Genetic differentiation and low levels of gene flow was detected in native provenances due to geographic isolation.  In contrast there was low genetic differentiation between the seed orchard crops.  The natural provenance and land race seedlots formed different groups from the seed orchard crops in a principal component analyses, which highlights the need for adequate isolation distance in breeding orchards. 
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Introduction:

Industrial plantations of eucalypts and casuarina are a major resource for production of high quality wood pulp in India. The demand for quality planting stock of eucalyptus has increased several folds in recent years. First generation seedling seed orchards were established with seedlots from natural provenances, to supply improved seed of wide genetic base as per a breeding program for Eucalyptus and Casuarina in southern India (Doran et al., 1996; Pinyopusarerk et al., 1996).  
Seed orchard crops represent a generation of new recombinants and genetic variation is transmitted from the breeding population to the deployed crop. Seed orchards are expected to produce vigorous high yielding plantations because they provide offspring from mating between carefully selected superior trees. Seedling seed orchards (SSO) are used as production populations in short rotation eucalypts and casuarina in India because of assumed easy establishment and early seed production (Eldridge et al., 1993). The flowering pattern varies in seed orchards depending on species, genetic material, environment, age, developmental stage and management practices. Fertility variation in an orchard can be estimated based on fecundity of individual trees. Gene diversity of seed crop is influenced by differences in fertility among parents and their relatedness (Kang et al., 2003). 

In recent years molecular markers have been widely used in genetic studies of tree populations (Newton et al., 2002; Peng et al., 2003).  Generally seed orchard populations often show a high percentage of polymorphic loci and alleles per locus (Chaix et al., 2003). This study compares the fertility variation in multi provenance seedling seed orchards of two eucalyptus and casuarina species and its impact on the genetic diversity of seed crops estimated using molecular markers.  The genetic diversity estimates of seed orchard crops are also compared with that of the natural provenance seedlot and landrace populations of the corresponding species.
Materials and Methods:
Four seedling seed orchards each of Eucalyptus (two each of E. camaldulensis and E. tereticornis) and Casuarina (two each of C. equisetifolia and C. junghuhniana) that originated from a large number of natural and land race populations (Kamalakannan et al., 2007; Varghese et al., 2004) located at climatically different sites in southern India were evaluated at fourth and fifth years for fertility variation and its impact on the seed crop (Table-1 & Fig.-1).  Observations of fertility was made on each seed orchard tree. The sibling coefficient (ψ) and relative population size (Nr) were estimated in these orchards based on the theory developed by Lindgren et al. (1996), Lindgren and Mullin (1998) and Kang et al. (2001). 
Genomic DNA was extracted from young leaves of 10 seedlings of each seed orchard crop as well as natural (Kennedy River, Morehead River and Laura River provenances) or land race stands (Table 1) following Doyle and Doyle (1990) and the DNA was amplified with highly polymorphic 10 UBC ISSR primers. Similarity matrix was employed for Principal Component Analysis (PCA) by the unweighted pair group method with arithmetical averages (UPGMA), using the SAHN-clustering programs from the NTSYS-pc, version 1.6 package (Rohlf, 1992).   The percentage polymorphic loci (Kimura and Crow, 1964), gene diversity (Nei, 1973) was estimated in the seed orchard crop.  Molecular Diversity of the seed orchard crops was compared with that of natural provenances and local land race seedlots of Eucalyptus and Casuarina. 
Table-1.  Geographic details of seed orchards and and other seed sources. 
	SSOs
	Name of Species
	Latitude
	Longitude
	Location

	SSO- E1
	E. camaldulensis
	10°53’ N
	78°49’ E
	Pudukkottai

	SSO- E2
	E. camaldulensis
	10°52’ N
	76°46’ E
	Panampally

	SSO- E3
	E. tereticornis
	10°53’ N
	78°49’ E
	Pudukkottai

	SSO- E4
	E. tereticornis
	10°52’ N
	76°46’ E
	Panampally

	Natural (E) 
	E. camaldulensis (Natural-Australia)

	15°30’ N
	144°30’ E
	Natural population from Australia

	Local (E)
	E. tereticornis
	10°53’ N
	78°49’ E
	Local collection

	SSO- C1
	C. equisetifolia
	11°55’ N
	79°52’ E
	Pondicherry

	SSO- C2
	C. equisetifolia
	11°00’ N
	76°58’ E
	Karunya

	SSO- C3
	C. junghuhniana
	11°55’ N
	79°52’ E
	Pondicherry

	SSO- C4
	C. junghuhniana
	10°52’ N
	76°46’ E
	Panampally

	Natural (C)
	C. equisetifolia (Natural-Thailand)

	09°21’ N
	98°27’ E
	Natural population from Thailand

	Local (C)
	C. equisetifolia
	11°25’ N
	79°25’E
	Neyveli

Local collection


E-Eucalyptus seedlot, E1-E4: Eucalyptus seed orchard crops, C-Casuarina seedlot, C1-C4: Casuarina seed orchard crops.
Figure-1.  Geographic location of SSOs  in Southern  India
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Results:

Fertility variation was low in the E. camaldulensis orchard (E2) located at the moist site Panampally as indicated by the sibling coefficient value (Ψ= 2) whereas it was unusually high for E. tereticornis orchard (E4) in the same site (Ψ= 17).  Fertility variation was high (Ψ= 6 & 8) and similar in orchards of both species (E1 & E3) located at a comparatively drier site.  Relative effective population size (Nr) of the SSOs varied from 0.45 to 0.06 (Table-2). Since 45% trees contributed effectively to seed production SSO- E2 of E. camaldulensis had a substantially higher Nr value than the other orchards. The effective population size in both species at the dry location (E1 & E3) were similar. Since many E. tereticornis trees in orchard E4 did not flower at the moist site, there were only about 6 % (Nr) effectively contributing trees. This can cause some genetic drift (Table- 2). 
Table-2. Fertility variation and population size in four eucalypt SSOs.
	Species
	E. camaldulensis
	E. tereticornis

	SSO
	SSO- E1
	SSO- E2
	SSO-E3
	SSO-E4

	No. of trees (N)
	525
	182
	478
	354

	Fertile trees (%)
	26
	73
	30
	19

	Capsules/tree
	1120
	3850
	1580
	295

	Ψ
	6.7
	2.2
	8.8
	17.4

	Nr
	0.15
	0.45
	0.13
	0.06


Genetic diversity of the orchard crops were compared with a bulk seedlot each of the local land race and three natual provenances from Australia using ISSR markers. The percentage polymorphic loci was higher in the orchard crops E1 to E4 compared to the land race and the natural provenance seedlots of both Eucalyptus species (Fig. 2).  Principal component analysis (PCA) revealed three major groupings. One group comprised solely of the E. camaldulensis seed orchard crops while the second group comprised the seed orchard crops of E. tereticornis which also included the local Indian seedlot. The third group comprised only the natural provenance of E. camaldulensis from Australia. The ISSR data support the taxonomic treatment of the two species of Eucalyptus (Fig.3).  
A comparative analysis of Casuarina equisetifolia orchards in coastal and inland locations (C1 and C2) reveals a similar proportion of fertile trees (86 and 84% respectively) at both sites. C. junghuhniana orchards however differed between locations showing very high frequency (99%) of fertile trees in the coastal site whereas many trees (55%) did not flower in the other location (Table-3).  Female trees were more in number in C. equisetifolia and only about 13% trees were monoecious in both sites. There were only dioecious and no monoecious trees in C. junghuhniana.  Fruit production per tree was higher in inland orchards of both species (67% higher in C. equisetifolia and 35% higher in C. junghuhniana). Monoecious C. equisetifolia trees had similar female fecundity in both sites but showed greater (65%) male reproductive output in coastal site.  This resulted from the fact that male inflorescences in coastal monoecious trees were almost twice as long as those of inland trees.  Casuarina orchards in general had high fertility with more than 80% fertile trees, except in one C. junghuhniana orchard which had only 45% flowering trees.   Fertility variation in Casuarina was higher in the inland location (ψ=5.8 & 7.06) compared to the coastal site (ψ=2.7 & 2.9). Nr values ranged from 0.17 to 0.36 (Table-3).  The coastal site generally had more effectively contributing trees (Nr = 0.35 & 0.33) compared to inland sites (Nr = 0.17 & 0.28) in both Casuarina species.
Table-3. Fertility Variation and population size in four Casuarina SSOs

	Species
	C. equisetifolia
	C. junghuhniana

	SSO
	SSO-C1
	SSO-C2
	SSO-C3
	SSO-C4

	No. of trees (N)
	225
	190
	269
	214

	Fertile trees (%)
	86
	84
	99
	45

	Male trees
	67
	49
	127
	42

	Female trees
	124
	84
	139
	55

	Fruit/tree
	1953
	3232
	2949
	3991

	Ψ
	2.79
	5.83
	2.97
	7.06

	Nr
	0.359
	0.172
	0.337
	0.283


The genetic diversity estimated in terms of percent polymorphic loci was at 24-44% higher in C. equisetifolia in coastal site compared to other orchards and 72 % higher than the local land race orchard and natural provenance seedlots (Fig.2). Maximum similarity index (0.834) was recorded between seed crops of C3 and C4 of  C.junghuhniana, while genetic distance was highest (0.355) between seed crops of local C. equisetifolia seedlot and C4 of C. junghuhniana.  The Principal component analyses separated the populations into two main clusters as C. equisetiolia and C. junghuhniana as expected. C. equisetifolia seedlots further divided into two groups based on their location into C1, C2 and C Natural and C Local.  PCA plot showed wide separation between C. equisetifolia and C. junghuhniana populations (Fig.4).
Figure-2. Molecular diversity (% polymorphism) in Eucalyptus and Casuarina seedlots. 
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   Figure-3. PCA  of Eucalyptus seedlots             Figure- 4. PCA of Casuarina seedlots
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Discussion:
First generation plantations of introduced Eucalyptus and Casuarina species are critical from domestication point of view.  Site selection can be important for locating orchards for capturing maximum diversity in the next generation.  The present study reveals that fecundity and fertility of an introduced species can vary substantially as indicated by the range of the sibling coefficient values in Eucalypts (Ψ = 2 to 17) and Casuarina (Ψ = 2 to 7).  Fertility was generally low in F1 orchards of Eucalypts except in one moist site which was identified as a suitable site for locating E. camaldulenis orchards (Pinyopusarerk and Harwood 2003a).  The number of fertile trees was comparatively uniform in Casuarina orchards as 80% of trees flowered in 3 of the 4 orchards.  Coast to inland variation was however marked as far as fecundity and fertility variation was concerned resulting in substantial differences in sibling coefficient.  Fertility is not a problem in land races of Eucalypts and Casuarina (Varghese et al., 2002 Fertility variation in C. junghuhniana was very high in the inland site (C4) a contributing reason may be that many trees were not flowering at all but would be an important trait for consideration in first generation introductions of natural provenances. Poor fertility has been reported in E. tereticornis stands in tropical moist environments (Pinyopusarerk and Harwood, 2003b; Arnold, 1996) in Asian countries. High fertility variation has also been reported in a pedigreed E. tereticornis seedling seed orchard in Tamil nadu (Varghese et al., 2002). 
Kang et al. (2003) reported an average Ψ value of 2.62 for seed orchards of broad leaved species.  The current study indicates that the E2 site is suitable for locating E. camaldulensis seed orchards (Ψ = 2.27). This has been confirmed by the near similar pattern of fruit production in two consecutive years. Generally sibling coefficient values may be high in young orchards and during poor flowering years (Kang and Lindgren, 1999). Very poor flowering and seed production in this species has however been reported in locations receiving high precipitation (> 2000 mm) in Philippines and Vietnam (Pinyopusarerk and Harwood, 2003b).
High genetic diversity and per cent polymorphism observed in all Eucalyptus and Casuarina seed orchard crops (except natural and local seedlots), indicated that the seed orchard populations studied have adapted to the local environment. It is known that eucalypts have a mixed mating system and relatively high out crossing rates, which are maintained by protandry and various levels of self-incompatibility, reinforced by selection against selfed progeny during the life cycle (Phillips and Brown, 1977; Potts et al., 1987). The multilocus estimates of outcrossing rates for 15 individual mother trees in E. camaldulensis orchard E2, where 73% of the trees flowered, ranged from 0.41 to 1.00, with selfing detected in five of the 15 families (Varghese et al., 2009). A further point of interest arising from an allozyme study in  this orchard  was the revelation that 22% of offspring were full-sibs, indicating that some or all of the 15 open pollinated seed families sampled in this study received pollen from relatively few pollen parents (Varghese et al., 2009). This clearly indicates that seed collection from orchards should be planned based on the fertility pattern, to capture maximum diversity in the seed crop.  ISSR markers are thus useful for the estimation of genetic diversity in seed orchards  and divergence among populations, (El-Kassaby and Ritland, 1996; Hartl and Clark, 1989; Mosseler et al., 1992). Our study reveals that though some of the orchards have high fertility variation the seed orchard crops have sufficient diversity for establishing future plantations compared to the local and natural seedlots.   
Principal component analysis grouped the natural population separately from the orchard crops indicating that mating between different provenances within the orchard has resulted in new combinations in the seed crop. The natural population of E. camaldulensis however formed a separate cluster linking with orchard crops of E. camaldulensis.  Thus the populations clustered according to species wise taxonomic classification inspite of the of geographical adaptation and domestication.   C. equisetifolia and C. junghuhniana populations were also grouped separately in the PCA.  The C.equisetifolia local population formed an independent group.   A similar kind of taxonomic segregation was reported by Balasaravanan et al. (2006) between eucalyptus species. The local population, Mysore gum, (Indian land race of E. tereticornis) occupied a position between the E. camaldulensis and E. tereticornis populations in PCA plot indicating that it may be a mix of  E. tereticornis and E. camaldulensis.   A comparable interesting result was recorded by Fossati et al. (2005) in clones of Populus species where the PCA allowed a clear distinction among species of Populus and its hybrids.
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