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Blueberry Ploidy Level and Genome Size

§ Naturally occurring 2X, 4X and 6X genomes

§ Most commercial varieties are 4X and 6X
§ Diploid blueberries are either ornamental or wild with no fresh or processed fruit commercial 

production use, but they have been used in breeding

§ It is possible to cross a 2X with 4X and yet obtain a 4X progeny (unreduced gamete)
§ It is possible to obtain a 5X genome by crossing a 4X and a 6X genome

§ But a 3X blueberry is rare or have not been successful
§ Most breeding efforts are focused on 4X and 6X genomes
§ It is believed that 4X blueberry is autotetraploid and 6X is a natural allohexaploid (2X + 4X ?)
§ DNA content of a diploid genome is 2C ~1.37 pg, and the monoploid genome size is estimated 

~670 Mb 



A Total of 54 RS II SMRT Cells Were Used for Blueberry Diploid Genome Assembly



A Total of 54 RS II SMRT Cells Were Used for Blueberry Diploid Genome Assembly



Blueberry	Genome	Assembly	by	Falcon	– Falcon	Unzip









Comparison of Base Correction Using Different Methods



Worth to mention that:

The total number of bases Pilon corrected was < 0.07% of the total genome size assembled

So if believe in Pilon, after Falcon assembly and Quivering, we already have a genome 
assembled of over 99.93% accuracy.



Iso-Seq Project

Things	to	consider

1. Choice	germplasm	source	for	RNA	extraction
• Diploid	(for	genome	annotation	as	well	as	comparison)
• Tetraploid
• Hexaploid	

2. Variety	or	cultivar
• W85-20 V.	caesariense	 (N.J.	blueberry)
• O’Neal	V.	corymbosum	(native	to	north	east	of	the	U.S.)
• Premier V.	virgatum	or	ashei (native	to	southern	eastern	U.S.)

3.	Tissues



Iso-Seq Project
Tissue Samples Were Collected from Field Grown Blueberries; Leaf, Flower, Fruit, Root

Leaf Flower	Stage	1 Flower	Stage	3 Flower	Stage	5

Fruit	Stage	1 Fruit	Stage	2 Fruit	Stage	3 Fruit	Stage	4 Root	



Total RNA Extraction Was Attempted by Different Kits

§ Sigma	Plant	RNA	extraction	Kit
§ Bioanalyzer was	used	to	check	the	quality	of	RNA
§ The	same	RNA	for	both	Illumina	and	Iso-Seq	libraries
§ Iso-Seq	libraries	were	made	with	size	selection	option
§ KAPA	stranded	RNA-Seq Kit	to	make	Illumina	libraries



BluePippin Size	Selection

Barcoded	Library	Construction	for	PacBio	Iso-seq Sequencing	



Making Barcoded Iso-Seq Libraries

§ There were (are) six barcoded adapters available to make pooled libraries

§ Nine tissues for each variety (4X and 6X) 
• Only 4X and 6X libraries were barcoded (RSII Sequencing)
• 2X library was not barcoded (2 Sequel SMRT cells to date)

Primer	Sequence 16-mer	barcode oligo	dT
dT_BC1 AAGCAGTGGTATCAACGCAGAGTACtcagacgatgcgtcatTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN
dT_BC2 AAGCAGTGGTATCAACGCAGAGTACctatacatgactctgcTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN
dT_BC3 AAGCAGTGGTATCAACGCAGAGTACtactagagtagcactcTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN
dT_BC4 AAGCAGTGGTATCAACGCAGAGTACtgtgtatcagtacatgTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN
dT_BC5 AAGCAGTGGTATCAACGCAGAGTACgatctctactatatgcTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN
dT_BC1	 AAGCAGTGGTATCAACGCAGAGTACacagtctatactgctgTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN



§ Our approach
§ Make groups of six and having an indexing convention

§ A111, A122, A133, A144, A155, A166 (1-2, 2-3, 3-6 kb)
§ B171, B182, B193, B214, B225, B236 (1-2, 2-3, 3-6 kb) 
§ C241, C252, C263, C274, C285, C296 (1-2, 2-3, 3-6 kb

§ SMRT analysis 2.3.0 to analyze the data

A 1 1 1

Set’s	Name
Variety Tissue

Barcode

We defined sets (A, B and C) 



On Average We Ran 9.5 SMRT Cells Per Library (87 RSII total)
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Quiver Was Used to Obtain HQ and LQ Data

§ Full Length Non-Chimeric (FLNC) = 1,624,690
§ Tetraploid Genome LQ  =  773,571
§ Tetraploid Genome HQ =  141,399 (351,343,616 nt)



Quiver Was Used to Obtain HQ and LQ Data

§ Full Length Non-Chimeric (FLNC) = 1,302,432
§ Hexaploid Genome LQ =   614,378
§ Hexaploid genome  HQ =  110,050 and (250,964,213 nt)



Data analysis pipeline (RSII Data)
All SMRT cells of each cultivar were used to output FLNC, LQ and HQ reads

https://github.com/PacificBiosciences/cDNA_primer/wiki/RS_IsoSeq-%28v2.3%29-Tutorial-%231.-Getting-full-length-reads



Proportion of LQ and HQ Reads in 4X and 6X Blueberry Genotypes
Separated by Different Tissues



Demultiplexing Full Length Non-chimeric Reads (FLNC)  
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Flower	Stage	1

Flower	Stage	5

Flower	Stage	315,476
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Overlap of all PacBio Isoforms in Three Flower 
Development Stages of 4X and 6X Genotypes



Number of Iso-Seq Sequences Separated by Tissue Type in 4X and 6X Genomes

O’Neal

Premier
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GMAP Was Used to Map HQ Reads to the Reference Sequence

§ Two versions of reference sequence was used
• Quivered genome
• Pilon corrected Quivered genome

(https://github.com/broadinstitute/pilon/wiki) 
§ Mapping was done to primary contigs
§ It ran once with default parameters only for 4X and 6X iso-seq data
§ It ran for the second time with the following parameters for 2x, 4X and 6X

• --min-trimmed-coverage = 0.95 & --min-identity=0.95



GMAP Default	Values
No.	of Iso-Seqs Mapped to	Quivered	Genome No.	of Iso-Seqs Mapped to	Quivered	– Piloned Genome

2X 4X	 6X 2X 4X 6X

- 140,664	
(99.48%)

109,672
(99.63%)

- 140,096
(99.07%)

109,099	
(99.13%)

No.	of Iso-Seqs Uniquely Mapped to	Quivered	Genome No.	of Iso-Seqs Mapped to	Quivered	– Piloned Genome

- 100,441 71,146 - 103,106 77,613

568 573

2,665 6,467

The	increase	in	the	number	of	uniquely	mapped	sequences	to	the	Pilon	corrected	genome,	may	indicate	that
it	is	better	to	make	this	correction.		



GMAP Run	With	min	cov 0.95	and	min	identity	0.95
No.	of Iso-Seqs Mapped to	Quivered	Genome No.	of Iso-Seqs Mapped to	Quivered	– Piloned Genome

2X 4X 6X 2X 4X 6X

- 127,312
(90.00%)

96,681
(87.85%)

- 127,307	
(90.00%)

96,709
(87.87%)

No.	of Iso-Seqs Uniquely Mapped to	Quivered	Genome No.	of Iso-Seqs Mapped to	Quivered	– Piloned Genome

29,512 100,428 74,097 29,509 100,329 74,074
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Should	We	Correct	The	Genome	with	Pilon?

Adding	extra	bases,	causes	misalignment



Aligning Iso-Seq  to Only Quivered Genome



Five Alternative Splicing Modes

Wang	et	al.	(2016)	https://www.nature.com/articles/ncomms11708



Polymorphisms in hexaploids not in 2X
Introns in Illumina assembly

2X Iso-Seq

4X	Iso-Seq

6X	Iso-Seq

4X	Illumina

6X	Illumina



Intron retention in 6X confirmed by 
both Iso-seq and Illumina assembly

2X Iso-Seq

4X	Iso-Seq

6X	Iso-Seq

4X	Illumina

6X	Illumina



Ipomoea	nil	gamma-tubulin	complex	component	5	(LOC109153295),	
transcript	variant	X2 78%	iden

Vitis	vinifera gamma-tubulin complex component	5	(LOC100247210),	
transcript variant	X5 80%	iden.

2X Iso-Seq

4X	Iso-Seq

6X	Iso-Seq

4X	Illumina

6X	Illumina



Alternate Splicing of Start Site of a Transport Protein in 4X 

2X Iso-Seq

4X	Iso-Seq

6X	Iso-Seq

4X	Illumina

6X	Illumina

Alternate	splicing	of	start	
site	in	tetraploid

The	diploid	is	different	from	both

Illumina	assembly	is	in	congruity	
with	Isoforms	but	fractioned	

Vitis vinifera protein	transport	protein	Sec24-like	At3g07100 (LOC100252042),	transcript	variant	X4,	mRNA	(61%	Cov – 81%	iden)



Isoform Analysis Unrevealed Other Forms of Variation (1/3) 

SNP	
Here

2X Iso-Seq

4X	Iso-Seq

6X	Iso-Seq

4X	Illumina

6X	Illumina

12	bp InDel
Here



Isoform Analysis Unrevealed Other Forms of Variation  (2/3)

12	bp InDel
Here

2X Iso-Seq

4X	Iso-Seq

6X	Iso-Seq

4X	Illumina

6X	Illumina



Isoform Analysis Unrevealed Other Forms of Variation (3/3)

12	bp InDel for	4	AA

2X Iso-Seq

4X	Iso-Seq

6X	Iso-Seq

4X	Illumina

6X	Illumina



Tissue Specific Iso-Forms



The	second	intron	is	present	in	some	transcripts	of	
vegetative	and	early	flower	and	fruit	stage

Those	are	not	present	in	late	flowers	and	fruits

Tissue	Specific	Intron	Retention

Flower	1

Flower	2

Flower	3

Fruit	1

Fruit	2

Fruit	3

Fruit	4

Leaf

Root



Intron	retention	only	
in	4X	and	not	in	6X

Flower	1	– 4X

Flower	3 – 4X

Flower	5 – 4X

Flower	1 – 6X

Flower	3	– 6X

Flower	5	– 6X



Alternative	intron	retention?
Some	retains	only	intron	3	and	some	has	intron	2	and	3

Flower	1	– 4X

Flower	3 – 4X

Flower	5 – 4X

Flower	1 – 6X

Flower	3	– 6X

Flower	5	– 6X

2 3



Conclusions
§ Using 54 SMRT RSII cells we were able to achieve a decent assembly of 

blueberry genome. 
§ Barcoding the RNA-Seq libraries helped us to save for the cost of the project.  
§ What makes different blueberries is more than simple SNP in the genes.
§ We believe alternative splicing, Iso-forms and structural variants are 

responsible for a large proportion of variations and evolution of blueberry. 
§ We need to use the term “autoployploidy” with caution for blueberry and 

maybe other plants species. 
§ Although the chromosomes can pair during meiosis, this does not mean that 

sub-genomes are identical at the gene and iso-forms levels. 
§ Defining the iso-forms to have a biological meaning and connecting them to 

the actual function of the genes remains a challenging task.    



Thank You
Questions?


