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Abstract 
Massively parallel sequencing technologies (MPST) offer unprecedented 

opportunities for novel sequencing projects. MPST, while offering tremendous 
sequencing capacity, are typically most effective in resequencing  projects (as 
opposed to the sequencing of novel genomes) due to the fact that sequence  is 
returned in relatively short reads. Nonetheless, there is great interest in applying 
MPST to genome sequencing in non-model organisms. We have developed  a 
bioinformatics pipeline to assemble short read sequence data into nearly complete 
chloroplast genomes using a combination of de novo and reference-guided  assembly, 
while decreasing reliance on a reference genome. Initially, short read sequences are 
assembled into larger contigs using de novo assembly. De novo contigs are then 
aligned to the corresponding reference genome of the most closely related taxon 
available and merged to form a consensus sequence. The consensus sequence and 
reference are in turn 'merged' such that aligned de novo sequence remains 
unaffected while missing sequence is filled in using the reference sequence. This 
chimeric reference is then utilized in reference-guided assembly to align the original 
short read data, resulting in a draft plastome. Using two established Pinus reference 
plastomes, our method has been effective in the assembly of 33 chloroplast genomes 
within the genus Pinus, and results with four species representing  other genera of 
Pinaceae suggest the method will be of general use in land plants, particularly once 
limitations of PCR-based chloroplast enrichment are overcome. 

INTRODUCTION 
High throughput sequencing technologies have increased DNA and RNA 

sequencing capacity by orders of magnitude within the last decade. For example, the first 
human genomic sequence, finished in the early part of this decade, took over a decade to 
produce at an estimated total cost of between 0.3-3 billion US dollars (Lander et al., 2001; 
Venter et al., 2001; Collins et al., 2004; Bentley et al., 2008). In contrast, resequencing  of 
human genomes today can be completed in a matter of weeks, with the cost measured in 
tens to hundreds of thousands of dollars (Bentley et al., 2008; Wang et al., 2008; Ahn  et 
al., 2009; Mardis et al., 2009), and trends suggest the rate of progress in sequencing 
capacity is still increasing (Gupta, 2009). Currently at the forefront of sequencing efforts 
are massively parallel sequencing technologies (MPST). MPST platforms generate 
millions of short reads (currently 30-400 bp depending on the platform used (Simon et al., 
2009)) in parallel during sequencing, which are then typically mapped back onto a 
previously sequenced reference genome to determine genomic sequence of sampled 
organismal or cellular lineages (Holt and Jones, 2008; Ley et al., 2008; Wang et al., 2008; 
Mardis et al., 2009). Even considering the tremendous sequencing capacity of these 
technologies, challenges remain in their application to a broad range of sequencing 
projects. For example, sequence capacity measured in Gbp is clearly excessive for the 
sequencing of small genomes (such as bacterial, organellar or viral genomes). Thus far, 
this challenge has been approached through the development of multiplex strategies in 
which multiple accessions indexed by short barcode tags are sequenced simultaneously 
(Porreca et al., 2007; Craig et al., 2008; Cronn et al., 2008). Another, and perhaps more 

esipp
Text Box
This file was created by scanning the printed publication.  Text errors identified by the software have been corrected: however some errors may remain.



  daunting challenge, lies in utilizing MPST to sequence the genomes of organisms lacking 
a closely related reference genome. Clearly, with more distantly related species, the 
likelihood for sequence divergence and genomic structural rearrangements increases. 
Utilizing short read sequence data in such cases can quickly become problematic, as 
divergence and rearrangement make it difficult or impossible to map short reads onto the 
genomes of distantly related references (Whiteford et al., 2005; Pop and Salzberg, 2008). 
To counter this second problem, we have developed a short read assembly pipeline which 
transforms raw sequence data into genomic sequence in four basic steps: 1) de novo 
assembly of short read data into larger contigs, 2) alignment of de novo contigs to the 
most-closely related reference genome available, 3) formation of a chimeric reference 
using aligned de novo contigs, with gaps filled in by the reference genome, and 4) 
alignment of short read data to the chimeric assembly to form final genomic contigs. 
While several commercial "ail-in-one" software packages are currently available to serve 
a similar purpose, these tend to be fairly expensive (typically several thousands of US 
dollars). In contrast, our assembly pipeline can function entirely with open source 
software. 

To date, we have used our pipeline to assemble 33 chloroplast genomes within the 
genus Pinus (32 of which lacked a same-species reference), as well as four chloroplast 
genomes of non-pine members of Pinaceae. All genomic sequencing was performed in 
multiplex (typically 4-6x) on the Illumina 1G genome analyzer, and resulting genomes 
were estimated to average 92% complete. 

MATERIALS  AND METHODS 

Sequence Preparation 
Amplification and sequence preparation followed Cronn et a1. (2008). 

Processing of Raw Sequence Data 
Microread sequence and quality files were converted from raw sequence output,

sorted, binned and had their tags removed using custom perl scripts available at 
http://www.science.oregonstate.edU/~knausb/genomics_scripts/knaus_scripts.htm1. 

Chloroplast  Genome Assembly 
Assembly from microreads to chloroplast genomes is described in detail elsewhere 

(Whittall et al., 2009). In brief, microreads from an accession were assembled into larger 
contigs using de novo assemblers, and aligned to the most closely related reference 
chloroplast genome available (Fig. lA). A chimeric reference sequence was then created 
by merging aligned contigs with the reference genome, such that aligned de novo 
sequence persisted and reference sequence was used in areas missing de novo coverage 
(Fig. lA). The accession's microreads were then aligned against this chimeric reference 
using a reference-guided assembler to form the contigs of the draft genome (Fig. 1B). 
These contigs were then checked for quality and manually edited also as previously 
described (Whittall et al., 2009). 

RESULTS 
Assemblies overall (including outgroups) averaged 92% complete (Fig. 2). 

Assemblies in subgenus Strobus averaged 117 kb, with an estimated 8.8% missing data 
(compared to P. koraiensis reference). Subgenus Pinus assemblies averaged just less than 
120 kb (6% estimated missing data, compared to P. thunbergii reference). Outgroup 
assemblies averaged just over 119 kb (10.4% average estimated missing data compared to 
P. thunbergii reference). De novo assemblies ranged from 64% to over 97% of estimated 
plastome lengths (avg = 89.2±7.0% standard deviation), while finished assemblies were 
slightly higher (92.2±5.9% sd) as noted above (See Table 1 for details). Our alignment of 
all assemblies was 132,715 bp in length, with slightly less than half (62,298 bp) from 
exons encoding 71 conserved protein coding genes (20,638 amino acids), 36 tRNAs and 4 
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rRNAs. A high degree of co-linearity is inferred for these genomes due to: 1) the absence 
of major rearrangements within de novo contigs, and 2) the overall success of the PCR-
based sequence isolation strategy (indicating conservation of the order of anchor genes 
containing primer sites). Nonetheless, several known structural rearrangements, including 
a tandem duplication of psbA in P. contorta (Lidholm and Gustafsson, 1991) and the 
apparent loss of duplicate copies of psaM and rps4 in P. koraiensis, could not be 
confirmed. Two loci, ycf1 and ycf2, stood out as highly variable regions among exons, 
accounting for 22% of all exon sequence but nearly 52% of exon variable sites. From our 
assemblies, these two loci also exhibit numerous indels in Pinus, although these are 
difficult to validate completely based on short-read assembly. Because of their variability, 
assembly success for protein-coding exons was determined both with and without these 
loci (see below). 

Uncorrected p-distances between finished assemblies and their closest established 
references ranged greater than two orders of magnitude, from 0.000645 (76 total 
differences to reference in P. thunbergii) to 0.079221 (7615 total differences to reference 
in Abies firma) (Table 1). Assembly success generally was correlated weakly with 
divergence from reference and sequencing effort (here defined as microread count), 
although significant correlations were found in some cases (Table 2, Fig. 3). Assembly 
success and divergence from reference were correlated negatively in subgenus Pinus and 
outgroup accessions; this correlation was positive in subgenus Strobus and when all pines 
were considered together (Fig. 3A, Table 2). Assembly success was correlated positively 
with sequencing effort (here defined as microread count) in both subgenus Pinus and 
Strobus, but negatively correlated in outgroup accessions (Fig. 3B, Table 2). Significant 
correlation (i.e., 95% confidence interval for slope does not include zero) was found 
between assembly success and sequencing effort in subgenus Pinus and when all pines 
were considered together (positive correlation), and between assembly success and 
divergence in subgenus Strobus (Table 2). 

Noncoding regions (aligned positions excluding exons, introns and RNA loci) 
contained the highest proportions of variable sites when all accessions were considered 
together, or when subgenus Pinus, subgenus Strobus and non-pine assemblies were 
considered separately (Table 3). Exonic (protein coding) sequence, while approximately 
the same overall length as total noncoding sequence, contained ca. 60-70% as many  of the 
variable sites by comparison; this proportion decreased further with the exclusion of ycf1 
and ycf2. Both noncoding and exonic regions appear to have assembled with similar 
success (Table 3). In contrast, RNA loci had the lowest proportion of variable sites and 
also the lowest estimated assembly success (Table 3). Similarly, intron sequence was less 
variable than exonic sequence and noncoding sequence (but not exonic sequence without 
ycf1 and ycf2), and had a lower assembly success. 

DISCUSSION 
We have presented an effective and efficient method for assembling small, non-

referenced genomes from short-read sequence data. Relying primarily on open source 
software, we assembled a total of 37 chloroplast genomes (36 non-referenced)  of 
approximately 118 kb length to an average of 92% completion. The process described 
herein is an iterative process. Initially, preliminary genomic contigs are created through 
de novo assembly. These contigs are then refined through alignment to a closest 
reference, formation of a chimeric reference, and subsequent re-alignment of short read 
sequences (reference-guided assembly) to the chimeric reference. Key to this process is 
the formation of the chimeric reference prior to reference-guided assembly, consisting of 
aligned de novo contigs with reference sequence utilized in place of missing data. In 
theory, this allows for more accurate final assemblies for several reasons, including: 1) 
clear identification of indels within aligned de novo contigs, 2) potential identification of 
structural rearrangements through de novo assemblies, and 3) improved reference-guided 
assembly due to higher sequence identity between the chimeric reference and short read 
genomic sequences as opposed to simply relying on the closest reference without 



manipulation. It is worth noting that we utilized what we considered to be the most up to 
date and applicable software at the time of our assemblies. However, since that time a 
considerable amount of effort has been put into developing and refining short read 
assembly software, such that for each step in our assembly process there are now several 
options. For example, the open source aligner Mummer (http://mummer.sourceforge.net/) 
could be used in place of the commercially available aligner CodonCode. Alternative 
reference-guided alignment programs, such as Maq (http://maq.sourceforge.net/maq-
man.shtml), Bowtie (http://bowtie-bio.sourceforge.netlindex.shtml,  Langmead et al., 
2009) and Yasra (Miller and Ratan, unpublished) could be used in place of RGA. 

While the bulk of our assemblies had fairly closely related references (within the 
same subgenus), it is noteworthy that 13 of our Pinus assemblies reside in different 
sections than the complete reference used in their assembly. This represents an estimated 
divergence period of 19-47 million years in the case of subgenus Strobus accessions and 
14-31 million years in the case of subgenus Pinus accessions (Willyard et al., 2007; 
Gernandt et al., 2008). Further, the divergence period between the pines and our non-pine 
representatives is estimated at 87 to 193 million years (Willyard et al., 2007; Gernandt et 
al., 2008), thereby representing a several-fold greater divergence period yet. It is not 
surprising, then, that assembly success was somewhat negatively impacted by increasing 
phylogenetic distance from the reference (although the opposite trend was seen in 
subgenus Strobus). Nonetheless, these trends were not particularly strong, and our worst 
assembly was estimated at 75% complete (P. cembra). This provides validation for the 
effectiveness of our strategy in assembling genomes fairly divergent from the nearest 
available reference. Further support is found in the similar success rates of assembling 
coding and non-coding regions, in that one would expect to see decreased assembly 
success in more poorly conserved noncoding regions if our assembly strategy was 
lacking. 

Considering that divergence plays a limited role in assembly success, it is then 
reasonable to ask what the most difficult obstacles are in assembling non-referenced 
genomic sequences. As reported by Cronn et al. (2008), assembly gaps are consistently 
found directly adjacent to primer sites used in PCR amplifications with our sequencing 
strategy. In addition, sequence repeats (such as microsatellites) may also be difficult or 
impossible to bridge with short read data (Cronn et al., 2008). In our assemblies, primer 
regions are likely a more significant problem, as they accounted for a substantial portion 
of missing sequence and precluded the assembly of any contig greater than the largest 
amplicon (just over 4 kb). In addition, a PCR-based method is more prone to failure in 
capturing genomic structural rearrangements, as amplification failures will occur when 
rearrangements span more than one amplicon. This could result in an amplicon being 
scored as missing or failed without any indication of a rearrangement. Regions with 
problematic amplification due to technical difficulties, primer divergence, or 
rearrangements can also eliminate substantial regions of the genomic assembly. For 
example, missing amplicons are part of the reason for the lower assembly success in 
rRNA regions, particularly in subgenus Strobus (likely due to technical problems with 
amplification and primer divergence, data not shown). 

The limitations of PeR-based approaches noted above may be overcome through 
hybridization-based strategies (Gnirke et al., 2009; Herman et al., 2009), as these methods 
promise both more even and more thorough coverage of targeted regions. However, these 
methods have yet to be proven widely applicable. Alternatively, paired-end sequencing of 
whole genomic extractions may allow the simultaneous capture of large portions of 
chloroplast, nuclear, and mitochondrial genomes from a single organism (Meyers and 
Liston, 2010), particularly if nuclear genomes are relatively small (<1.5 Gbp). 

Sequencing effort also clearly plays a role in the overall success and accuracy of 
assemblies, although there may be a point of diminishing returns and the phylogenetic 
distance to reference may still playa significant role. For example, with the exception of 
P. ponderosa (which was sequenced over several sequencing runs and prepared with 
variable methodology), our greatest sequencing effort was in P. thunbergii (4.54 million 
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reads, >1.8x sequencing effort of any other assembly). Nonetheless, this assembly was 
essentially identical in its completion to those of P. taeda and P. pinaster, which had 56% 
and 38% of the sequencing effort, respectively. On the other hand, missing sequence in 
these accessions is mostly associated with primer locations, which are impossible to 
recover with our strategy. Notably, other studies (Hillier et al., 2008; Whittall et al., 2009) 
have also demonstrated improved SNP discrimination with increasing coverage depth. 
For these reasons, it may be a good strategy in future projects to overestimate necessary
sequencing effort rather than trying to maximize taxon density through low coverage 
levels, depending on the specific aims of the project. Alternatively, when assembling 
numerous non-referenced genomic sequences a reasonable strategy might be to initially 
dedicate a larger proportion of sequencing effort to the assembly of one or several 
representative reference genomes. This could in tum be followed by higher levels of 
multiplexing (relatively less sequencing effort) for subsequent accessions/taxa. 

In the near future, it is reasonable to expect that increasing sequence capacity, as 
well as concurrent improvements in both targeted sequencing and short read assembly 
strategies will make de novo assembly of small genomes an increasingly simple process. 
Illumina predicts that their sequencing capacity will approach 100 Gbp per run by the end 
of 2009. Theoretically, this is sufficient capacity to sequence over 600 average-sized 
chloroplast genomes or 5500 average sized animal mitochondria to a depth of 100x in a 
single sequencing run. In order to efficiently utilize this capacity, however, it is clearly 
incumbent upon those involved in the sequencing of small genomes to maintain a similar 
pace of development in the areas of sample preparation and downstream assembly. 
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