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From crop improvement to breeding healthier livestock 
to modeling human disease, scientists are using PacBio® 
Sequencing to advance understanding of plant and animal 
genomes.

From its earliest use in microbial genomes, Single 
Molecule, Real-Time (SMRT®) Sequencing is now a proven 
approach for decoding animal and even very large plant 
genomes. The technology’s uniquely long reads and 
unbiased coverage generate more comprehensive de 
novo genome assemblies, including resolution of complex 
regions such as repeat elements, structural variations, 
and extreme GC regions. These high-quality genomes 
will facilitate a number of advances including breeding 
hardier crops and livestock, as well as more accurately 
characterizing human biology based on model systems.
As plant and animal scientists know all too well, the 
lack of a high-quality reference can substantially hinder 
biological research. Prior to SMRT Sequencing, options 
for decoding plant and animal genomes were suboptimal. 
Using short-read sequencing technologies on large, 
complex genomes produced highly fractured assemblies, 
often with large errors. Scientists attempting to craft 
high-quality assemblies had to rely on arduous and 
expensive finishing approaches involving bacterial artificial 
chromosome (BAC) sequencing, Sanger technologies, or 
multiple mate-pair libraries. With multi-kilobase reads 
and unbiased coverage produced from the PacBio System, 
scientists now have an affordable, automated approach 
that produces gold-standard reference genomes critical 
for downstream research.
Numerous studies have demonstrated the value of 
utilizing PacBio reads for de novo assembly or upgrading 
draft genomes. These reference genomes with 
megabase-long contigs are invaluable tools for the rest 
of the scientific community.  In this article, we look at 
four examples of plant and animal genome references 
improved or made possible with SMRT Sequencing, 
including an early example of transcriptome sequencing 
of a chicken for improved annotation. These examples 
highlight insights gained with SMRT Sequencing that are 
missed with short-read data, such as complex regions or 
novel genes.

Goat
De novo assembly with SMRT Sequencing technology has 
made a significant difference in the genome assembly of 
goat. In an ongoing project funded by the US Government’s 

Feed the Future initiative and USDA’s National Institute of 
Food and Agriculture, scientists from USDA’s Agricultural 
Research Service (ARS) are producing a new goat genome 
reference for this important livestock and food source 
across Africa and Southeast Asia. The team hopes its 
work will help advance the efficiency of goat breeding 
by finding markers associated with adaptation to new 
environments and disease resistance.
In 2009, the scientists — Tim Smith, Tad Sonstegard, and 
Curt Van Tassell — saw a community need for a high-
quality goat genome reference to accelerate genomics-
based breeding techniques to improve survival of domestic 
goats. At the time no goat assembly was available, 
and when an international consortium released one a 
few years later, utility in the community was limited. 
The sequence data had been assembled following a 
reference-based strategy using a cattle genome, resulting 
in potential bias and misassemblies favoring the cattle 
reference as well as a fragmented assembly with many 
gaps.
Smith, Sonstegard, and Van Tassell began their own goat 
genome project, choosing a male San Clemente Island 
goat for its high degree of inbreeding.  At first, the team 
used 454 and other short-read sequencing technologies 
in a hybrid-assembly strategy that had been previously 
employed when assembling the turkey genome reference. 
Once they saw the performance and potential of SMRT 
Sequencing, they decided to attempt a PacBio-only 
assembly.

USDA researchers are generating a high-quality goat genome 
reference to improve marker discovery for economically important 
traits related to environmental adaptability and disease resistance.

SCIENTISTS CREATE GOLD-STANDARD PLANT AND 
ANIMAL GENOMES WITH SMRT SEQUENCING
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Smith, who runs the PacBio System 
for the ARS group, generated 72x 
coverage of the ~2.85 Gb genome. 
The data were then assembled in 
collaboration with Sergey Koren 
at the NBACC. The new assembly 
represents a major improvement 
over the prior 2012 reference, with 
a dramatic reduction in the number 
of contigs and a boost of contig N50 
length by two orders of magnitude, 
according to Sonstegard. Having a 
significantly improved assembly will 
give the team a more accurate view 
of the genome, enabling discovery 
of genetic signatures related to 
environmental adaptability and 
disease resistance. Ultimately, this 
research aims to advance breeding 
of healthier goats to increase food 
supply and reduce poverty since goats 
are important sources of income in 
developing countries.
The team is currently working 
to confirm the quality of the new 
assembly using other methods. With 
the new assembly, they have already 
identified large misassemblies 
in the 2012 goat reference based 
on preliminary analysis, and they 
look forward to combing through 
both references in finer detail for 
comparison. The success of de novo 
assembly with the PacBio platform 
has the scientists eager for more data 
like this. “I see this as the current 
standard for how to do a genome,” 
Smith says.

Rice
Rice is getting an important 
genome makeover thanks to SMRT 
Sequencing. In the past year, 
scientists at Cold Spring Harbor 
Laboratory and other institutions 
made big strides in creating a 
superior reference of rice using 
PacBio sequence data. High-quality 
rice genomes — not just a single 
reference but a representation of 
several different varieties — are 
critical for understanding phenotypic 
differences of this staple food source 
through comparative genetic analysis.  
Some varieties of rice are capable 
of growing in suboptimal conditions, 
such as drought or low-phosphorus 
soil, while others are naturally 

resistant to disease or pests. Being 
able to capture and pinpoint the 
genetic differences behind these 
traits could help scientists breed 
hardier, higher-yielding cultivars 
while expanding the geographical 
areas in which rice can be grown.

At Cold Spring Harbor, Michael 
Schatz and his colleagues have been 
working on a high-quality genome 
assembly for Oryzae sativa pv Indica 
(strain IR64), which has a genome 
size of about 370 Mb. They originally 
used their own algorithms, known as 
ECTools, for a hybrid assembly using 
long- and short-read sequence data, 
but have since shifted to a PacBio-
only assembly using HGAP, says 
Schatz.
With their latest PacBio-only rice 
genome assembly, his team achieved 
a contig N50 of 5 Mb compared with a 

previous short-read assembly which 
assembled with a contig N50 of less 
than 19 kb.  Schatz uses the contig 
size as a proxy for assembly quality 
and ultimate utility for research. “With 
sub-kilobase contigs, it is possible to 
find isolated markers; you need tens 
of kilobases to study complete genes 
or hundreds of kilobases to study 
regulatory regions,” he says. “If you 
are interested in overall chromosome 
organization, synteny patterns, 
transposable elements, and other 
complex features, your N50 size had 
better be megabases.”
“About the only crop genome that 
competes with this quality was the 
original BAC-by-BAC assembly of 
rice published in 2005,” Schatz says, 
noting that the older assembly cost 
more than $100 million and took an 
international collaboration many 
years to complete. His lab’s rice 
genome was generated for a fraction 
of that cost in just a few months. The 
significant improvement seen in the 
PacBio-only rice assembly will allow 
scientists to perform more in-depth 
studies of key genes and regulators 
in the rice genome, establish a better 
understanding of how genomes of 
various strains differ, and advance 
progress toward securing the 
food supply for a growing global 
population.

Advances in SMRT Sequencing are redefining our understanding of rice genomes by delivering 
megabase-long contigs to pinpoint underlying genetics of complex traits.

…the older assembly cost more 
than $100 million and took 

an international collaboration 
many years to complete. [The 
Schatz] lab’s rice genome was 
generated for a fraction of that 

cost in just a few months.
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Spinach
Spinach is another plant with a larger 
genome (980 Mb) that is now much 
closer to completion thanks to SMRT 
Sequencing. Studied in depth at the 
University of California, Davis as part 
of a collaboration involving several 
seed companies, spinach is an 
important food crop facing heightened 
attack from a destructive downy 
mildew.
Allen Van Deynze, director of research 
at the UC Davis Seed Biotechnology 
Center, says some strains of spinach 
were resistant to this mildew, so 
the partners teamed up to better 
understand the genes associated with 
this resistance. They tried short-read 
sequencing, but after eight library 
preparations and investing over a 
year on the project, they were still 
missing 16 percent of the genome, 
and the assembly contained highly 
fragmented genes. Deeper sequence 
analysis suggested the assembly, 
in addition to containing gaps, had 
problems with repeat regions and 
large structural variations.  Unable 
to associate genes to the resistance 
trait, Van Deynze turned to SMRT 
Sequencing for a better de novo 
assembly.
For the new effort, 60x coverage of 
the genome was generated, with 
20% of the obtained reads being 
longer than 20 kb and longest reads 
approaching 40 kb.  The data were 
assembled using the hierarchical 
genome assembly process (HGAP) 
available through SMRT Analysis 
wherein a preassembly consensus 
is first built using the longest reads 
as anchors followed by a second 
consensus build and polishing. 
Van Deynze and his colleagues 
were excited by the results: The 
PacBio-only assembly was more 
comprehensive, covering more of the 
genome and yielding significantly 
longer contigs to deliver a more 
contiguous assembly. The contigs 
were so long that nearly half of the 
genome lay in segments longer 
than a megabase compared to the 
segments of the previous short-
read assembly draft that covered 
only less than 18 percent of the 

genome. Furthermore, the team was 
impressed by the turnaround time to 
generate and obtain the sequencing 
data and genome assembly.  They had 
worked on the short-read assembly 
for a year, but it took just a couple 
of library preparations and a single 
month to get data far superior to 
the original assembly. Additionally, 
complex regions such as repeats and 
structural variants were represented 
cleanly in the PacBio assembly, 
avoiding problems seen in the short-
read assembly.
Van Deynze and his team continue to 
interpret their new more accurate and 
contiguous assembly with confidence 
they can resolve the genetic basis for 
natural resistance to downy mildew 
and understand other important 
variations in the spinach genome 
useful for future crop-development 
efforts. 

Chicken
Human disease research depends 
heavily on the use of model 
organisms as an in vivo system 
when human experimentation is not 
possible. Chicken, for example, is 
often used for development studies. 

Scientists at the Gladstone Institutes 
recently used SMRT Sequencing to 
generate full-length isoform data to 
overhaul the annotation of chicken 
genome references supporting 
the Bench to Bassinet Program, a 
collaborative effort started by the 
National Heart, Lung, and Blood 
Institute for the study of heart biology 
and congenital heart problems.
In a project that began in 2012, 
Alisha Holloway and Sean Thomas 
from the Gladstone’s Bioinformatics 
Core worked with their collaborators 
to study heart development, using 
chicken as a model system. “Even 
at a gene level, the annotation 
was really poor for chicken,” says 
Holloway, who estimates that half 
the genes were missing in the 
previous draft reference genome, 
limiting their ability to link gene 
function to developmental stages.  
Holloway and Thomas decided 
to pursue a major undertaking, 
overhauling the annotation of the 
chicken transcriptome so researchers 
everywhere — not just those in the 
Bench to Bassinet Program — would 

Scientists at the Gladstone Institutes generated a more reliable chicken transcriptome 
reference with direct full-length isoform sequencing.

www.pacb.com/agbio
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have a reliable starting point for their 
studies.  
To improve the reference, they initially 
planned to use short-read sequence 
data to further augment existing 
chicken transcriptome resources 
but struggled when they could not 
authoritatively link exons in any given 
gene. Instead, they decided to try 
isoform sequencing with PacBio, 
with its ability to directly sequence 
full-length transcripts, for what 
would become one of the first major 
transcriptome studies using SMRT 
Sequencing.  PacBio’s Iso-Seq™ 
method generates data that spans 
entire transcript isoforms from the 
5’ end through the 3’ poly(A) tail, 
providing critical information about 
gene structure.
The work paid off: Holloway and 
Thomas published their results in 
2014. “By generating new long-read 
sequences and incorporating existing 
short-read and EST sequences, we 
identified thousands of transcript 
isoforms as well as hundreds of 
genes not currently included in the 
Ensembl annotations”, they wrote.
The researchers were pleased with 
the amount of new gene information 
generated, specifically for the main 
tissue of interest in this investigation, 
the heart. The publication cites 9,221 
new transcript isoforms, including 

5,930 genes with new annotations 
and 539 novel genes. They also 
found 2,337 exons in new genes and 
5,299 novel exons in known genes. 
Compared to what was known in 
existing reference resources when 
they started the project — only some 
16,000 transcripts in Ensembl and 
5,000 in RefSeq — this marks a major 
step forward for chicken annotation.

Direct full-length transcript 
sequencing provided the basis to 
unambiguously resolve tissue-
specific expression and enrichment 
of isoforms that may play critical 
roles in chicken biology. “It’s a huge 
improvement over what was there,” 
Thomas says. “It’s really important 
that we were able to identify hundreds 
of new genes — complete genes that 
had not been annotated previously.”

Conclusion
Long, unbiased reads and gold-
standard references generated with 
SMRT Sequencing advance genomic 
and transcriptomic investigations by 
quickly delivering a more accurate, 
comprehensive view needed to 
elucidate genetic associations for 
complex traits. Genome assemblies 
with multi-megabase-long contigs 
are advantageous because they 
provide contiguous genes, overall 
chromosomal organization, synteny 
patterns, transposable elements, 
and other complex genomic features 
important for comparative studies of 
evolutionary and adaptive signatures. 
With a more complete gene 
repertoire and definitive full-length 
transcripts, precise identification of 
genetic underpinnings associated 
with environmental adaptations 
and disease resistance is possible. 
Ultimately, these superior genomic 
resources are positioned to 
advance future livestock and crop 
development efforts and improve 
outcomes of human biomedical 
research with animal models.
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Direct full-length transcript 
sequencing provided the basis 

to unambiguously resolve 
tissue-specific expression 

and enrichment of isoforms 
that may play critical roles in 

chicken biology.


