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Introduction 

This report covers specific research that provides information to ensure Future Trees Trust oak 
breeding work continues on a sound scientific footing. While selected plus trees were identified as 

either Q. petraea or Q. robur both species were included in the Future Trees Trust Breeding Seedling 

Orchards. The breeding strategy noted the need to split the two species. If the BSOs and any other 
orchards are to be registered under the National register as ‘qualified’ and later as ‘tested’ there needs 

to be complete removal of one of the species at each BSO at roguing. Although hybridisation between 

the two species maybe low it can be high at some sites, particularly where background levels of 

external pollen are high, as may be the case in the BSOs. The study aimed to clarify the IDs of 
selected plus trees, and the extent of any hybridisation or miss-collection in the BSO progeny. This 

will be crucial to the final roguing and selection within the BSOs. 

 
The study used 8 nSSRs (microsatellites in 2 multiplexes) that had previously been shown to 

discriminate between Q. robur and Q. petraea. These were used to id FTT grafted oak plus tree 

selections and some of the related progeny arrays in the oak BSO at Paradise Wood. The results from 
the molecular study are correlated with a number of morphological measures of leaves that are also 

considered to be discriminatory using three different approaches (German-Degen http://software.bfh-

inst2.de/software.html#Eiche, French-Kremer et al. 2002, British-Potter 1994). Sampling was from 32 

plus trees + 14 progeny from each of 21 plus trees in Earth Trust’s BSO at Paradise Wood. 
 

The aim was to use the results to inform: a) future roguing of the Paradise Wood orchard; b) data 

analysis of growth and form traits from the BSOs to improve the accuracy of calculations of 
heritability and gain predictions; c) the accuracy of leaf morphology traits, so that they can be used in 

roguing of the other oak BSOs. This would save the need for use of molecular techniques for the other 

BSOs and result in a more cost effective and at the same time accurate way of roguing the orchards to 
one species. 

 

The FTT selected oak plus trees falls into one of the following eight categories. 

 
1) 94 provisional plus tree selections that were discarded (on vessel size), and are not present in any 

trials or clones bank. 

2) 3 provisional plus tree selections that were discarded (on vessel size), but for unknown reasons are 
now present in clones banks. 

3) 11 plus trees for which original id is doubtful - Jason Hubert marked them with a query. Some of 

these are held as clones, while 4 have progeny represented in the BSOs 

4) 34 plus trees which have progeny in BSOs and also have clonal material from original plus trees  
5) 22 plus trees with progeny in BSOs, but no clonal material from the original trees 

6) 24 plus trees that are clonally propagated, but don't have progeny in the BSOs 

7) 58 plus trees that are not propagated, neither clonally nor as progeny 
8) 44 newer EMR plus tree selections (25 Q. robur, 3 Q. petraea, 16 unidentified; 1 region 10, 7 region 

30, 36 region 40), most of which are available at Bradbourne, Kent (rows 249-283), and 44 were 

transferred to NRS. New selections have not been through the vessel screening cull use for the first 
plus tree selections. 

 



Groups 3, 4 and 8 were the focus for this study using leaf material to compare morphology of the adult 

(from clonal material) with the morphology of the progeny at the Sotterly BSO to see how the 

characters segregate in the progeny and with the original plus tree id. 
 

Materials and Methods 

The original budget supplied by the FC was augmented by the following contributions. Some £1,250 
of consumables was supplied from the hosting lab. 5 days of time were supplied by Earth Trust for 

measuring leaf samples. D. Boshier spent 6 days more than the original budget on project 

coordination, leaf sampling/ measuring data analysis and write up.  
 

Leaf collection 

Fresh leaves were collected in early July directly from the trees in the field trial and dried in ziplock 

bags with silica gel. 
 

Microsatellite genotyping 

Genomic DNA was isolated from leaves using the Qiagen DNeasy 96 Plant Kit (Qiagen; Hilden, 
Germany). Eight microsatellite loci: QrZAG7, QrZAG112, QrZAG20, QrZAG 96, QrZAG11, from 

Kampfer et al (1998); MsQ13 from Dow et al (1995) and QpZAG15, QpZAG110 from Steinkellner et 

al (1997), were amplified in a multiplex PCR following standard protocols (Guichoux et al 2011). 
 

Briefly, fluorescently labeled PCR primers were used in a 10 µL reaction volume (0.4 mg/ml BSA, 1.5 

mM MgCl2, 400 µM dNTPs, 0.15-0.5 µM of each primer (concentrations for each primer pair in the 

premix are shown in the Appendix protocol), 20–100 ng template DNA and 2.0 U HotStar Taq DNA 
polymerase, (Qiagen; Hilden, Germany). The cycling profile consisted of an initial denaturation step 

of 15 min followed by 30 cycles of 30 sec at 94 °C, 1 min at 56 °C and 45 sec at 72 °C. A final 

extension at 72 °C for 45 min was used to assure a quantitative terminal transferase activity of the Taq 
polymerase. Labeled PCR fragments were detected on an ABI 3730xl DNA Analyzer (Applied 

Biosystems; Foster City, CA), alongside an internal size standard (LIZ 500), and fragment sizes were 

recorded using GeneMapper® v4.0 (Applied Biosystems). 

 
Data analysis 

Individuals from different families were pooled into two groups based on phenotypic classification, 

one for Q. petraea and one for Q. robur. Diversity indices and general statistics were calculated using 
MSAnalyser 4.05 (Dieringer and Schlötterer 2003). Using the same program, we determined Θ, an 

unbiased estimate of Wright’s Fixation Index (Weir & Cockerham 1984), to identify the most 

informative loci separating the two species. The significance of pairwise Θ-values (referred to as FST 
in the text) was tested by permuting genotypes among groups. This method of permutation does not 

rely on Hardy-Weinberg assumptions (Goudet et al. 1996). A hierarchical analysis of molecular 

variance (AMOVA Excoffier et al. 1992) using the program ARLEQUIN 3.5.1.2 (Excoffier et al. 

2005) was employed to examine the partitioning of microsatellite variance into components derived 
from species differences and those derived from families. The total variance was partitioned into 

covariance components resulting from: within populations (families), among populations (families) 

within species (taxa) and among species (taxa, including hybrids). 
 

A model-based clustering method implemented in the program STRUCTURE (Pritchard et al. 2000) 

was used to assign individuals probabilistically to homogenous clusters (K populations) without 
consideration of sampling localities. Estimated posterior probabilities for the simulated model fitting 

the data were calculated assuming a uniform prior for K, where K  {1, 2, 3, 4}. To minimize the 

effect of the starting configuration during the Monte Carlo simulation, we simulated 104 updates of the 

Markov chain (aka burn in) before data for the parameter estimation were collected from another 106 
iterations. At least ten independent runs of the Markov chain were performed to assure convergence of 

the chain and homogeneity among runs for each prior of K. The program was run without population 

identifiers (USEPOPINFO = 0) and in the admixture mode (NOADMIX = 0). The best number of 
clusters was assessed according to the ∆K criterion proposed by (Evanno, Regnaut et al. 2005). 

 

http://www.genetics.org/content/177/2/1239.full#ref-6
http://www.genetics.org/content/177/2/1239.full#ref-7
http://www.genetics.org/content/177/2/1239.full#ref-7


Results 

Eight polymorphic microsatellites were screened in ~22 open pollinated families of Quercus petraea 

and Quercus robur from the Paradise Wood BSO of the FTT. Genetic differentiation between both 
species was low (FST = 0.019), but highly significant (P = 0.0001) when all loci were considered 

jointly. A separate analysis of individual loci indicates that six (out of the eight) microsatellite loci 

significantly (P < 0.05) differentiate the two species (Table 1). To discount the possibility that this 
differentiation merely reflects familial substructure within species, we used the hierarchical sampling 

to partition the total variance according to species and family. 

 
Table 1. Pairwise FST values between Quercus petraea and Q. robur for the eight microsatellite loci  

 

   Wright's fixation index 

Locus  FST   

P-value before & after  

correction a   

MSQ13  0.0127  0.0001*  

Zag110  0.0096  0.0564  

Zag15  0.0116  0.0228  

Zag11  0.0268  0.0002*  

Zag112  0.0288   0.0001*   

Zag20  0.0184  0.0002*  

Zag7  0.0206  0.0001*  

Zag96  0.0294  0.0001*  

All  0.0196  0.0001  
 

a based on 10,000 replicates *indicates significance at the 5% level after Bonferroni correction for 

multiple tests. 
 

Estimates of population structure using ΦST from AMOVA (Excoffier et al. 1992) suggest low but 

statistically significant subdivision both among populations (families) and between species (and 
hybrids) studied. Among families (within both parents and their hybrids), ΦST across loci at all sites is 

~0.04 while among species and hybrids ΦST is ~0.02. Most of the variation (~96%) is partitioned 

within families and individuals (Table 2) while only approximately 1% was partitioned between 

species. This subdivision between species (treating hybrids as one of three ‘species’) was statistically 
significant (ΦST = 0.019; P < 0.001) as was the subdivision between families (ΦST = 0.044; P < 0.001). 

Excluding hybrids from this analysis altered the result only slightly: both subdivision among families 

and between species actually increased in statistical significance (ΦST = 0.044; P < 0.0001 and ΦST = 
0.022; P < 0.0001, respectively). 

 

Table 2. AMOVA analysis of population structure for eight microsatellite loci in Quercus petraea, 
Quercus robur and their hybrids. 

    Microsatellites   

Quercus petraea, Q. robur & their hybrids  df   Sum of squares   % variation    a)  

Among species (taxa)  2  0.019  1.07   CT = 0.019***  

Among families within species (taxa)  19  0.044  2.46   SC = 0.044*** 

Within families  610  1.745  96.48   ST = 1.745***  

Total  631  1.808         

a) is a fixation index similar to Wright’s Fis statistic. It reflects the correlation of random 

pairs of haplotypes drawn from a group (species or family) relative to the correlation of pairs 

of random haplotypes drawn from the whole dataset (Excoffier et al. 1992). Significance is 
indicated with stars: *** P < 0.001;  

 



Despite this low, but statistically significant, hierarchical structure, an analysis of all taxa in 

STRUCTURE did not identify a most likely model of (K) genetic clusters and individuals did not 

cluster according to their population of origin. In the absence of a most likely number of genetic 
clusters, we set K = 3 to reflect the expected number of a priori biological groupings (petraea, robur 

and hybrids). However, no structure was apparent, and individuals from all three taxa were assigned to 

all three a priori clusters. A separate analysis including just the two parents (excluding the hybrids) 
did not improve this assignment.  

 

Figure 1. Approximate Bayesian clustering (Pritchard et al. 2000) of Quercus individuals in the 
sample using eight microsatellite loci. In our analysis, Ln P(D) did not reach a maximum. A) Cluster 

membership for K = 3, all taxa, B) Cluster membership for K = 2, no hybrids, petraea and robur only. 

A 

 
B 

 
Conclusions 

The eight microsatellite loci genotyped in this study were apparently insufficient to assign individuals 
to either species (or to families), despite including two highly differentiating loci (Zag96 & Zag112) 

detected between the two species in a European-wide sample of populations from Quercus petraea 

and Quercus robur (Muir and Schlötterer 2005). In this latter study, these two loci (and a larger 

battery of 20 microsatellites) had the power to assign individuals to taxonomic units. 
 

The cause of the discrepancy between the two studies is not immediately clear. For example, the 

distribution of allele frequencies at the two most potentially differentiating loci (96 & 112) from Muir 
and Schlötterer (2005) indicate that one particular allele (of size 136 base pairs) was present at 

elevated frequencies in Q. robur (a frequency of nearly 80%). Conversely, the same allele occurred at 

a low frequency in Q. petraea. In the samples genotyped in this study, this same allele (136) occurs at 
a frequency of barely 30% in Q. robur. The picture is also not as expected (when compared to Muir 

and Schlötterer (2005) for locus 112, where the 86 allele (equivalent to our 88 allele) is equally 

frequent in both species. In both cases at these loci, alleles occur at lower than expected frequencies 

and without these frequency differences, discriminatory power appears to be weak.  
 

There are two possible causes for the absence of these alleles occurring at high frequency across our 

sample, either: 1) the samples (phenotypes) used in this study do not reflect the underlying genotype. 
i.e. there is a high proportion of Q. robur phenotypes which are in fact Q. petraea or hybrid genotypes; 

or 2) the selective sweep which appears to have elevated the frequency of these alleles in mainland 

Europe did not occur in the U.K. (Muir and Schlötterer 2006). The morphological data suggests that 



the former is the most likely. We believe the latter not to be the case, though if it were it would 

indicate that insufficient microsatellite loci have been genotyped at present. 

 
1) The markers show separation principally into two groups, but these do not correspond to the 

original species IDs of the seed trees, nor are they consistent within the individual families. 

2) the morphometric data suggest: a) some families (up to 66% with 5-17% mixing) may contain a 
mixture of both species - this maybe due to mixing of acorns during the original collections (the 

acorns were picked off the ground under the plus tree - starting from the trunk of the tree and spiralled 

outwards aiming to get the required quantity before the edge of the canopy). b) some plus trees maybe 
incorrectly identified and may require reclassification in the register. c) some material in the clonal 

archive may not have come from the originally selected plus tree (large disagreement between progeny 

IDs and maternal ID). 

  
The study has revealed that the issues are more complex than originally thought and require more time 

than originally envisaged/budgeted to come to more concrete answers that will be directly useful to 

advance the FTT work. The data suggests that more work needs to be done to follow up these issues. 
This requires considerably more time going through the detailed records (and talking to Jason Hubert 

who made the original selections) to look at the stand composition from which the original plus-tree 

selections were made, to see if the 'mixed' families are from mixed stands and vice versa, and the non-
problematic families are in stands regarded as pure Q. robur or Q. petraea. Such information will also 

allow a more sophisticated re-run of the molecular and morphological data to give more conclusive 

results that will help plan the long-term management/roguing of the oak BSOs and identify the future 

research needed prior to roguings. 
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Appendix 1 Leaf traits measured 

 

 

 

Measure the length of the petiole as in the illustration! 



 

Measure the length of the leaf blade as in the illustration! 



 

Measure the width at the border and in the limit of the leaf 
blade! Follow the same form as in the leaf idealized illustration! 



The hairs on the underside of the leaf occur mostly in 

bunches at the side branches of the leaf veins. The 

illustration shows an example of strong pubescence (hairy). 

For exact determination of pubescence a magnifying glass 

(x 7 subject) is very helpful. Decide whether the sample 

shows hair or no hair on the underside of the leaf! 

http://www.dict.cc/englisch-deutsch/underside.html
http://www.dict.cc/englisch-deutsch/of.html
http://www.dict.cc/englisch-deutsch/the.html
http://www.dict.cc/englisch-deutsch/leaf.html


The three pictures show the 

typical distinguishing features 

of the ‘little leaf ears’ (little 

indentations at bottom of the 

leaf). Compare your sample 

with the photos & choose the 

one which is the most similar.  



Please indicate if in the middle 

third of the leaf blade you get 

intercalary veins. The photo 

shows  a typical pattern of leaf 

ribs. 

 



 
 

The lobe-width is identified by the measurements B1-B4. B1 measures 

the distance from the midrib to the first indentation below the boundary 

of the first third of the leaf blade. B2 measures the distance from the 

midrib to the tip of the lobe above. B3 is equivalent to the distance from 

the midrib to the first indentation above the first third of the leave.  B4 

measures the distance from the midrib to the tip of lobe above. 



  



 


