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23 Abstract

24  Background

25  Chloroplasts are organelles that conduct photosynthesis in plant and algal cells.
26 Chloroplast genomes code for around 130 genes, and the information they
27  contain is widely used in agriculture and studies of evolution and ecology.
28  Correctly assembling complete chloroplast genomes can be challenging because
29  the chloroplast genome contains a pair of long inverted repeats (10-30 kb). The
30 advent of long-read sequencing technologies should alleviate this problem by
31  providing sufficient information to completely span the inverted repeat regions.
32  Yet, long-reads tend to have higher error rates than short-reads, and relatively
33 little is known about the best way to combine long- and short-reads to obtain
34  the most accurate chloroplast genome assemblies. Using Eucalyptus paucifiora,
35 thesnow gum, as a test case, we evaluated the effect of multiple parameters, such
36 as different coverage of long (Oxford nanopore) and short (Illumina) reads,
37 different long-read lengths, different assembly pipelines, and different genome
38 polishing steps, with a view to determining the most accurate and efficient
39 approach to chloroplast genome assembly.

40

41  Results

42 Hybrid assemblies combining at least 20x coverage of both long-reads and short-
43  reads generated a single contig spanning the entire chloroplast genome with few

44 or no detectable errors. Short-read-only assemblies generated three contigs
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45  representing the long single copy, short single copy and inverted repeat regions
46  of the chloroplast genome. These contigs contained few single-base errors but
47  tended to exclude several bases at the beginning or end of each contig. Long-
48  read-only assemblies tended to create multiple contigs with a much higher
49  single-base error rate, even after polishing. The chloroplast genome of EFucalyptus
50  pauciflorais 159,942 bp, contains 131 genes of known function, and confirms the
51  phylogenetic position of Eucalyptus paucifiora as a close relative of Eucalyptus
52 regnans.

53

54  Conclusions

55  Qur results suggest that very accurate assemblies of chloroplast genomes can be
56  achieved using a combination of at least 20x coverage of long- and short-reads
57  respectively, provided that the long-reads contain at least ~5x coverage of reads
58 longer than the inverted repeat region. We show that further increases in
59  coverage give little or no improvement in accuracy, and that hybrid assemblies
60 are more accurate than long-read-only or short-read-only assemblies.

61

62 Key words: chloroplast genome, genome assembly, polishing, lllumina, long-
63  reads, nanopore
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67 Background

68  Chloroplasts are important organelles in algal and plant cells, which generate
69  carbohydrates by photosynthesis [1]. The chloroplast genome provides important
70  information for phylogenetics, population-genetics and species identification [1-
71 8], and is also the focus of genetic engineering because it contains many genes
72 involved in photosynthesis [1].

73

74 The chloroplast genome is a double-stranded DNA molecule of around 120 kb —
75 160 kb in size in most plants, encoding around 100 protein coding genes [9, 10].
76  The chloroplast genome is usually circular, although some research suggests that
77 it could be linear in certain developmental stages [11, 12]. The structure of
78  chloroplast genome is highly conserved among plants, and usually consists of a
79 long single copy and a short single copy region, separated by two identical
80 inverted repeat regions. In some species, one copy of the inverted repeats has
81  been lost during evolution [13]. The length of the inverted repeats usually ranges
82  from 10 to 30 kb [9], although in extreme cases can be as short as 114 bp [14] or
83 as long as 76 kb [15]. There are now more than 1500 chloroplast genomes
84  available in the NCBI organelle genome database.

85

86  Accurate genome assembly is a key first step in the study of chloroplast genomes.
87 Initial assemblies of the chloroplast genome relied on Sanger sequencing, which

88  produces highly accurate reads of around 1 kb in length [16-18]. However, Sanger
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89  sequencing is expensive and time-consuming. Over the last decade, Sanger
90 sequencing has been largely replaced by short-read sequencing as the primary
91 approach to producing chloroplast genome assemblies [19-21]. Short-read
92  sequencing produces large amounts of data for a relatively low cost, and has a
93  high per-base accuracy. However, it produces DNA fragments that are typically
94  around 50-400 bp in length [22], which can make genome assembly challenging.
95

96 A lack of long-range information can limit the accuracy of genome assemblies
97  derived from short-read sequencing data. For example, the two inverted repeats
98 can make it difficult to assemble the chloroplast genome into a single contig,
99  because short-read data rarely contain sufficient long-range information to span
100  an entire inverted repeat (~10-30 kb). Most studies which assembled chloroplast
101  genomes from short-read data rely on assemblers designed for whole genome
102 assembly, such as AbySS [23] and SOAPdenovo [24]. These assemblers produce
103  multiple contigs, which were then assembled manually into a single contig
104  according to the structure of existing chloroplast genomes, or by performing
105  additional Sanger sequencing to confirm the conjunctions between the two single
106  copy regions and the inverted repeats [19-21]. Assembling chloroplast genomes
107 by performing synteny alignment with published chloroplast genomes may lead
108  to inaccurate results if the chloroplast genome structure is not conserved (for
109  example, the Chickpea chloroplast genome contains only one inverted repeat

110  region [13]), or if the published chloroplast genome structure contains errors. And
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111 when Sanger sequencing is used to confirm an assembly, this removes some of
112 the benefits of using short-reads to assemble chloroplast genomes.

113

114  New long-read sequencing technologies have the potential to allow for
115  reference-free assembly of chloroplast genomes by combining some of the best
116  features of Sanger and short-read sequencing. Like short-read technologies,
117  long-read technologies produce large volumes of data for low cost. Technologies
118  such as the MinlON sequencing technology from Oxford Nanopore Technologies
119  (ONT) and single-molecule real time sequencing technology from Pacific
120  Biosciences (PacBio) routinely produce single reads longer than 10 kb [22, 25],
121 and even up to 200 kb [25]. It is possible, therefore, for a single read to cover the
122 entire chloroplast genome, or at least a very large section of it, suggesting that it
123  should be feasible to use long-reads to perform reference-free assembly of the
124  chloroplast genome. The main drawback of long-reads is that they have a
125  relatively high per-base error rate of around 10-15% [22, 25], and ONT reads tend
126 to systematically underestimate the length of homopolymer runs [26]. Typically,
127 such errors may be mitigated by polishing the genome after assembly. Genome
128  polishing involves remapping the reads back to the assembly to identify and fix
129  single nucleotide and small structural errors [27, 28]. Chloroplast genome
130  assembly using PacBio data has been reported [29-33], but no study has focused
131  on employing ONT data to assemble chloroplast genomes. It is important to

132 ascertain the best approach to assembling chloroplast genomes with ONT data,
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133 because it is increasingly widely used due to its high yield, low cost, and very rapid
134  turnaround times from tissue to data [22, 34].

135

136 Hybrid assembly using a combination of long- and short-reads may be the best
137  approach to assembling chloroplast genomes, because it can potentially combine
138  the benefits of the length of long-reads and the accuracy of short-reads. However,
139  we lack a comparison of the performance of long-read-only, short-read-only,
140 and hybrid assembly approaches for the chloroplast genome. Furthermore,
141  neither the minimum required length of long-reads, nor the optimum
142  combination and coverage of long- and short-reads to obtain accurate
143  chloroplast genome assemblies is known.

144

145 In this study, we set out to determine the best approach to chloroplast genome
146 assembly using the chloroplast genome of EFucalyptus paucifiora (E. paucifiora) as
147  a test case. Eucalypts are widely distributed in Australia, accounting for roughly
148  75% of the forest areas [35]. £ pauciflora, the snow gum, is an evergreen tree
149  found in eastern Australia from close to sea level up to the tree line of the
150  Australian Alps, displaying the broadest altitudinal range in the Eucalypts [36-38].
151 £ pauciflora is of particular interest due to its wide distribution and drought and
152  cold tolerance [39-44]. However, no chloroplast genome for £ paucifiora is
153  available. To evaluate the most efficient and accurate way to de novo assemble

154  the chloroplast genome of £ paucifiora, we compared long-read-only assemblies,
7
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155  short-read-only assemblies and hybrid assemblies, with large ranges of different
156  coverage and long-read lengths. We used Unicycler [45] to do the short-read-
157 only and hybrid assemblies, because it is designed specifically for the assembly of
158  small circular genomes. For long-read-only assemblies, we compared two
159  assemblers: Hinge [46], an assembler designed for solving the long repeats
160  problem in long-read assemblies of circular genomes; and Canu [47], one of the
161  most popular long-read assemblers currently available. We also assessed the
162  performance of a variety of read-correction methods, assembly software and
163  polishing algorithms, and evaluated how the length of long-reads affects
164  chloroplast genome assembly.

165

166

167
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177 Methods

178 The raw data have been submitted to NCBI under accession numbers
179  SAMNO09197243 (long-read data) and SAMNO09197235 (short-read data). The
180  final genome assembly of the E. pauciflora chloroplast genome, and the scripts
181  necessary to reproduce the analyses in this study are available on github at
182  https://github.com/asdcid/Chroloplast-genome-assembly. Subfolders in that
183  repository are referenced throughout the methods where appropriate.

184

185  Sample collection and DNA sequencing

186  Sample collection

187  Leaves were collected in March 2016 (for Illumina sequencing) and June 2017 (for
188 MiInlON sequencing) from the same branch of a single £. pauciflora individual near
189  Thredbo, Kosciuszko Nation Park, New South Wales, Australia (Latitude -36.49433,
190 Longitude 148.282983). Leaves were stored at 4°C until they were returned to the
191  laboratory.

192

193  DNA extraction and quality control for lllumina sequencing

194  Leaves were freeze-dried, and total DNA was extracted using a CTAB protocol
195  [48], then purified with a Zymo kit (Zymo Research Corp). TruSeq Nano libraries
196  were constructed according to the manufacturer’s instructions and whole genome
197  shotgun sequencing was carried out at the ACRF Biomolecular Resource Facility

198  (the Australian National University, Canberra, Australia) on the Illumina HiSeq-
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199 2500 platform using 150 bp paired-end sequencing with a roughly 400 bp insert
200  size. We used BBDuk v37.31 [49] for quality and adapter trimming of lllumina data,
201  removing bases with a quality score <30 on the left or right side of a read. After
202  trimming, reads shorter than 50 bp were removed, and only paired reads were
203  kept. We used FastQC [50] to perform quality checks of libraries before and after
204  trimming. Scripts for this analysis are available in the
205 1_pre_assembly/1_quality_control/short_read folder of the github repository.

206

207  DNA extraction and quality control for MinlON sequencing

208  High molecular weight DNA was extracted from leaves using a protocol [51] based
209  on Mayjonade’s method [52]. Libraries were prepared according to the ONT 1D
210  ligation library protocol (SQK-LSK108). Long-read sequencing was carried out on
211  a MinlON sequencer using MinKNOW v1.7.3, and then basecalled using Albacore
212 v2.0.2. We removed adapters from long-reads using Porechop v0.2.1 [53], and
213 trimmed bases with quality <9 on both sides of reads using Nanofilt v1.2.0 [54].
214  We discarded reads shorter than 5 kb. Scripts for this analysis are available in the
215 1_pre_assembly/1_quality_control/long_read folder of the github repository.

216

217  Chloroplast read extraction

218 In both the long- and short-read data, the majority of reads come from non-
219  chloroplast sources, such as the nuclear genome, the mitochondrial genome and
220  other contaminants, because we performed whole genome sequencing on DNA

10
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221  extracted from whole leaf tissues. To facilitate chloroplast genome assembly, we
222 first extracted the chloroplast reads by attempting to align all reads to a dataset
223 of 31 known Eucalyptus chloroplast genomes, which we refer to as the reference
224 set (Table S1). The chloroplast genome is circular, but alignment algorithms rely
225 on linear genomes. Simple linearization of the reference set would risk failing to
226  capture reads that span the point at which the genomes were circularized. To
227 avoid this, we duplicated and concatenated the sequence of each genome in the
228  reference set. In this way, single reads that span the point at which the genome
229  was circularized, or long-reads that span the entire chloroplast genome, would
230  successfully map to the reference set. Short-reads were aligned to the reference
231  set using Bowtie2 v2.2.6 [55] and long-reads were aligned to the reference set
232 using Blasr v5.1 [56]. Scripts for this analysis are available in the
233  1_pre_assembly/2_cpDNAExtraction folder of the github repository.

234

235 Genome assembly

236  Validation dataset preparation

237  As this is the first time that the £ paucifiora chloroplast genome has been
238 sequenced, and because we want to assess and compare a range of different
239  approaches to genome assembly, we used a subset of our short-read data to
240  validate our genome assemblies. To do this, we randomly selected 100x coverage
241  of paired-end Illumina reads (59,656 pairs of reads in total) from all of the
242  chloroplast paired-end Illumina reads identified above. We excluded these reads

11
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243  from all genome assemblies, and instead used them exclusively to assess and
244  compare the genome assemblies we produced. In general, we should expect that
245  reads in the validation set will map more successfully to chloroplast genomes that
246  are closer to the true genome from which the reads were sequenced. Because of
247  this, we can use the mapping rate and the error rate of mapped validation reads
248  to different genome assemblies to compare different genome assemblies. The
249  mapping rate may not reach 100% even with a perfect genome assembly, because
250 we cannot guarantee that all of reads in the validation set come from the
251  chloroplast genome (e.g. some may come from nuclear copies of chloroplast
252  genes, or from contaminants) and some reads will also contain sequencing errors.
253  Nevertheless, as long as the vast majority of the validation reads come from the
254  chloroplast genome of £. pauciflora, it should be the case that the mapping rate
255 of the validation reads will increase monotonically as the accuracy of the
256  chloroplast genome assembly increases. We also expect the error rate of mapped
257  validation reads to decrease monotonically as the accuracy of the genome
258  assembly increases. Short lllumina reads typically have a low error rate of ~0.0010
259  errors per base [57], therefore for a perfect genome assembly we might expect
260 the mapped validation reads to have an error rate of at most ~0.0010 errors per
261  base (the true number is likely to be lower than this, because we filtered out reads
262  and bases with low quality scores before constructing the validation set). Assembly
263  errors will increase the error rate in the mapped validation reads. Thus, if the error
264  rate of the mapped reads is greater than ~0.0010 errors per base, this suggests

12
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265  that there are errors that cannot be attributed to sequencing error, and are likely
266  to represent assembly errors. If the error rate is less than 0.0010 errors per base,
267  this suggests there are few if any errors in the assembly, although it does not
268  guarantee that the assembly is error free. Scripts for random read selection are
269 available in the 2_assembly/randomSelection folder of the github repository.

270

271  Long-read-only assembly

272  We performed 24 long-read-only assemblies, using all combinations of two
273  assemblers, Hinge and Canu, and 12 different coverages (calculated assuming a
274 160 kb genome size): 5x, 8x, 10x, 20x, 40x, 60x, 80x, 100x, 200x, 300x, 400x, 500x.
275  Reads for each coverage were selected randomly from the full set of filtered and
276  trimmed long-reads. The assemblers were run with the default settings, except: (i)
277 in Hinge, the read filter cut-off was set to 10, as it failed to assemble reads with
278  default setting; and (ii) in Canu, the correctErrorRate was increased to 0.154 when
279  the coverage was less than 40x according to the recommendation in the Canu
280  manual. Hinge failed to assemble the chloroplast genome with 5x, 8x and 10x
281 long-read coverage. Scripts for this analysis are available in the
282  2_assembly/longReadOnly folder of the github repository.

283

284  Short-read-only assembly

285  We performed 48 short-read-only assemblies using default settings in Unicycler
286  v0.3.1. These 48 assemblies comprised 12 different coverages (5x, 8x, 10x, 20x,

13
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287  40x, 60x, 80x, 100x, 200x, 300x, 400x, 500x), each combined with four types of
288  short-read error correction: (i) no correction; (i) SPAdes correction [58]; (iii) Karect
289  correction [59]; and (iv) Karect+SPAdes correction. A recent study [60] suggested
290 that Karect performs better than other error correction methods, while SPAdes is
291 the correction method built into the Unicycler pipeline. Corrected and
292  uncorrected paired-end reads for the different coverages were randomly selected
293  from the total set of filtered and trimmed short-reads prior to assembly. Scripts
294  for this analysis are available in the 2_assembly/shortReadOnly folder of the
295  github repository.

296

297  Hybrid assembly

298 We performed 576 hybrid assemblies combining long- and short-reads. All
299  assemblies were performed using default settings in Unicycler v0.3.1, except for
300 those assemblies which used only Karect to correct the reads, for which we turned
301 off the SPAdes correction in Unicycler). The 576 assemblies comprise all 144
302  possible combinations of 12 different coverages of both long- and short-read
303  used above (5x, 8x, 10x, 20x, 40x, 60x, 80x, 100x, 200x, 300x, 400x, 500x), repeated
304 for four types of short-read error correction: (i) no correction; (i) SPAdes
305  correction; (iii) Karect correction; and (iv) Karect+SPAdes correction. We did not
306 perform long-read error correction prior to assembly, because Unicycler is
307 designed to work with raw long-read data, and we polish all genome assemblies
308 using the best available short-read polishing tools. Scripts for this analysis are

14
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309 available in the 2_assembly/hybrid folder of the github repository.

310

311  Hybrid assembly with different lengths of long-reads

312  To investigate how the length of long-reads affects the accuracy of chloroplast
313 genome assemblies, we performed 576 genome assemblies that combined short-
314  reads with long-reads of different lengths. All assemblies were performed using
315  Unicycler v0.3.1. The 576 assemblies comprise all 96 possible combinations of
316  short- (5x, 8%, 10x, 20x, 40x, 60x, 80x, 100x, 200x, 300x, 400x, 500x) and long-read
317  coverage (bx, 8x, 10x, 20x, 40x, 60x, 80x, 100x), repeated for six different length
318  categories for the long-reads: 5-10 kb, 10-20 kb, 20-30 kb, 30-40 kb, 40-50 kb,
319 =50 kb. As above, sets of reads were picked randomly from each length specific
320 sub-dataset. Short-reads were corrected by Karect, and long-reads were
321  uncorrected, as above. We did not investigate higher coverage of long-reads
322  because 100x was the maximum coverage category available for the longest
323  subset of long-reads (=50 kb). Assembly scripts for this analysis are the same as
324  for the hybrid assemblies, except for the input files.

325

326  Genome polishing

327 To facilitate certain comparisons among genome assemblies, we manually
328 assembled the multiple contigs into a single contig from some genome
329 assemblies. For example, the long-read-only assemblies, short-read-only
330 assemblies, and hybrid assemblies with <20x long-read coverage all tended to

15
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331 produce multiple contigs, occasionally with some regions of the chloroplast
332  genome represented more than once. This is, of course, useful information for
333 comparing assembly performance. However, in order to calculate comparable
334  estimates of the per-base error rate from our validation set, we manually removed
335 duplicated regions from these assemblies and then manually combined all
336  remaining contigs together to create a single contig spanning as much of the
337  chloroplast genome as possible. To do this, for assemblies with multiple contigs,
338  we used £ regnans (NCBI accession NC_022386.1) as a reference, which is a close
339 phylogenetic relative of £ pauciflora, and created pairwise genome alignments
340  between this reference and the contigs from each assembly using Mummer v3.23
341  [61], after removing contigs shorter than 5 kb. We then used a python script to
342  remove duplicate regions according to the pairwise genome alignments. Scripts
343  for this analysis are available in the 3_post_assembly/1_same_structure folder of
344  the github repository.

345

346  All genome assemblies were polished at the individual base level using the best
347  available tools. Hybrid and short-read-only assemblies were polished using Pilon
348 v1.22 [62], and long-read-only assemblies were polished using Racon [28],
349  Nanopolish v0.8.1 [63], and Racon+Nanopolish v0.8.1. Pilon uses information in
350 short-reads to polish out errors from assemblies, whereas Racon and Nanopolish
351 use information in long-reads. Nanopolish is designed for ONT data, but Racon
352 is designed for ONT and PacBio data. We ran Nanopolish and Pilon for multiple

16
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353 iterations until the polished genome remained unchanged. We ran Racon for ten
354  iterations, because the polished genome continued changing by tiny amounts
355  after 10 iterations during testing. Scripts for this analysis are available in the
356  3_post_assembly/2_polish folder of the github repository.

357

358  Evaluation of different assembly performance

359 A perfect genome assembly would cover the entire genome in a single contig,
360  with the maximum possible percentage of validation reads mapping successfully
361  with the lowest possible error rate, given the limitations of the accuracy of the
362 sequencing platform and the mapping software. Therefore, to assess and
363 compare our genome assemblies, we considered five key statistics: (i) the number
364  of contigs output by the raw assembly; (ii) the average per-base coverage of the
365 reference genome by the contigs (calculated by the sum of any part of any contig
366 that aligns successfully to the £ regnans chloroplast genome divided by the
367 length of the £ regnans chloroplast genome), which should equal ~1.0 for a
368  perfect assembly but may be much higher than one for assemblies that contain
369 duplicated regions; (iii) the sum of the length of all contigs output by the
370  assembler; (iv) the percentage of the validation reads successfully mapped to the
371  polished genome; (v) the error rate of the validation reads that successfully
372 mapped to the polished genome. As mentioned above, the error rate here is the
373  sum of mismatches and indels (insertions or deletions) between the validation
374  reads and the assemblies, because it is not possible to know in advance whether
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375 amismatch or indel between a read and an assembly derives from an error in the
376  read or the assembly (although this may be determined post-hoc by analysis of
377  the aligned reads to the assembly, see below). We mapped the validation reads
378 to each genome with default settings in Bowtie v2.2.6, and extracted the mapping
379 rate and general error rate from the result using Qualimap v2.2.1 [64]. Scripts for
380 this analysis are available in the 3_post_assembly/3_assembly_quality_control
381 folder of the github repository.

382

383  Final genome assessment

384  To further assess the assembly with lowest error rate, highest mapping rate, and
385  coverage closest to 1.0, we attempted to estimate the number of possible errors
386 and heteroplasmic sites in that assembly using all of the long- and short-read
387 data available to us. To do this, we mapped all of the short-reads with Bowtie
388 v2.2.6, and long-reads using Ngmlr [65] (because Blasr failed to produce BAM file
389 for ONT data) to the assembly after duplicating and concatenating it as above,
390 and compared the mapped reads at each site by visualising the alignments in IGV
391 [66], and by using samtools v1.5 [67] and varScan v2.4.0 [68] to look for
392 mismatches and indels between the short-reads and the assembly, and
393  Nanopolish v0.8.1 to look for mismatches and indels between the long-reads and
394  the assembly. We considered that a true assembly error would be likely to produce
395 consistent mismatches or indels between the assembly and both the long- and
396 short-reads. Both technologies have their limitations which may produce well-
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supported mismatches or indels between the assembly and one read type. For
example, short-reads that derive from regions of the nuclear or mitochondrial
genome that are similar to the chloroplast genome may map with high probability
to the chloroplast genome, but this mapping is far less likely to occur with long-
reads, which in our dataset are a minimum of 5 kb. Similarly, ONT reads are known
to contain biases with respect to the length of homopolymer regions, but this bias
should not occur in short-reads. Thus, if the frequency of the non-reference base
of a mismatch or indel is similar between the short- and long-read mappings,
then this is most likely to indicate either an assembly error or a heteroplasmic site.
Scripts for this analysis are available in the 3_post_assembly/4_SNP_call folder of

the github repository

Gene annotation

We used GeSeq [69] to annotate the best assembly, followed by ARAGORN
v1.2.38 [70] to annotate the tRNAs. Since GeSeq failed to detect the very short
exons, genes containing such exons, such as petB and petD, were manually

annotated based on the annotations in the reference set of chloroplast genomes.

Phylogenetic analysis

We added the £ paucifiora chloroplast genome estimated here to the reference
set of chloroplast genomes used above, giving a dataset of 32 complete and well-
annotated chloroplast genomes. We split each genome into 312 fragments based
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419  on their annotations, where each fragment represents a single exonic or non-
420  exonic region. We then produced 312 individual alignments of the 32 sequences
421  (one alignment for each fragment) using Clustal Omega v1.2.4 [71]. We then
422  manually examined the 312 alignments, deleted regions of each alignment that
423  could not be confidently aligned, and manually adjusted the remaining regions.
424 Subsequently, we concatenated the 312 alignments to create a single alignment
425  with 32 sequences and 156,245 bases. We estimated a phylogeny from this
426 alignment using IQ-TREE v1.5.5 [72], and ModelFinder [73] with default settings,
427  and 1000 ultrafast bootstrap replicates [74]. Scripts for this analysis are available
428  in the phylogenetic_analysis folder of the github repository.

429

430

431

432

433

434

435

436

437

438

439

440

20


https://doi.org/10.1101/320085
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/320085; this version posted May 11, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

441

442

443

444 Results

445  Sequencing

446 We generated 6.00 Gb of raw long-read data, comprising 705,554 reads with a
447  mean length of 8,504 bp. We generated 3.19 Gb of short-read data, comprising
448 21,114,786 150 bp paired-end reads. After trimming adapters and low-quality
449  bases, and mapping the reads to the reference set (Table S1), we recovered 0.57
450  Gb of long-read data comprising 28,777 reads with a mean length of 19,807 bp
451  (minimum 5,002 bp and maximum 150,181 bp), and 0.38 Gb of short-read data
452  comprising 2,840,345 paired-end reads. Assuming that the £ paucifiora
453  chloroplast genome size is ~160 kb, this represents a total coverage of ~3,600x
454  for long-reads and ~2,400x for short-reads.

455

456  Genome assembly comparison

457  Of the 648 genome assemblies we performed, the best genome assemblies were
458  the hybrid assemblies with at least 20x coverage of both long- and short-reads
459  (Figure 1). Hybrid assemblies with lower coverage of either data type, and
460  assemblies that relied on only one data type, were of lower quality. In the following,
461  we discussed each of the assembly categories in more detail.

462
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463  Long-read-only assembly

464  For long-read-only assemblies, the best assembly was produced by Hinge with
465  500x long-read coverage and polishing using Racon+Nanopolish (Figure S1).
466  Neither Hinge nor Canu were able to assemble the entire chloroplast genome into
467  asingle contig (Figure S1a), so all long-read-only assemblies had to be manually
468  curated (see Methods). In general, Canu assembled one or two contigs which
469 failed to cover some regions of the genome or covered some regions twice,
470  whereas Hinge assembled at least two contigs containing many duplicated
471  regions. Canu produced assemblies from all 12 different long-read coverages (5-
472 500x; the second row of Figure 1a), but only the assemblies generated from 80x
473  and 200x coverage had a total length that was close to the expected 160 kb after
474  manual curation (Figures 1b and S1b). Surprisingly, the total length of the Canu
475  assemblies varied widely with relatively minor changes in coverage (E.g. ~145 kb
476  at 60x, ~160 kb at 80x, and ~140 kb at 100x coverage; Figures 1b and S1b). Hinge
477  failed to produce any contigs when the coverage was lower than 20x (top row of
478  Figure 1la), but produced contigs that could be manually curated into near
479  complete chloroplast genomes (with lengths very close to 160 kb) when the
480  coverage was =20x (Figures 1b and S1b).

481

482  Validation of the long-read-only assemblies after manual curation showed that
483  the assemblies produced by Hinge were more accurate than those produced by
484  Canu (Figure 1c). This is because Hinge was able to assemble contigs covering the

22


https://doi.org/10.1101/320085
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/320085; this version posted May 11, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

485  entire chloroplast genome. The error rate of mapped validation reads decreased
486  predictably as the long-read coverage increased for both Canu and Hinge
487  assemblies (Figures 1d and S1d). For the Hinge assemblies, the mapping rate of
488  the validation reads increased predictably with the increased coverage of input
489  reads, up to a maximum of 99.41% with 300x or 500x input read coverage (Figures
490 1c and Slc). For the Canu assemblies, the mapping rate of the validation reads
491  was the highest (~99.40%) at 80x and 200x input read coverage (Figures 1c and
492  Slc), but varied substantially at lower coverage, reflecting the fact that many of
493  the Canu assemblies were missing large portions of the chloroplast genome.
494  These data suggest that there is a complex relationship between assembly
495  accuracy and input read coverage when assembling chloroplast genomes with
496  ONT data using Canu.

497

498  Polishing the long-read-only genome assemblies with both Racon and
499  Nanopolish resulted in more accurate assemblies than polishing them with either
500 Racon or Nanopolish alone (Figures S1c and S1d). For Canu assemblies, when
501  polishing with Racon alone, assembly accuracy improved from an error rate
502  (mismatches and indels) of ~0.0300 per base of the validation reads to ~0.0060
503  per base as coverage increased up to ~100x, but did not improve further at higher
504 coverage. When polishing with Nanopolish or Racon+Nanopolish, assembly
505 accuracy continued to improve up the maximum coverage we examined (500x;
506  Figures S1c and S1d), at which the error rate was 0.0022 per base of the validation
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507 reads in the best assemblies. The situation was the same in Hinge assemblies.
508  Since the expected error rate of the validation reads likely to be at most 0.0010
509 (see above), this suggests that at least 0.0012 mismatches or indels per base in
510 thevalidation reads mapped to the long-read-only assemblies comes from errors
511 in the assemblies themselves.

512

513  Short-read correction

514  For short-read-only and hybrid assemblies, we compared the effect of four
515 different approaches to short-read correction: no correction, Karect, SPAdes, and
516  Karect+SPAdes. When the short-read coverage was =20x, we found no
517  meaningful differences between these four conditions (Figures S2-S5). When the
518 short-read coverage was lower than 20x, we found that correction with Karect
519  gave slightly higher genome assembly accuracy than the other three conditions
520 (i.e. slightly higher mapping rates and lower per-base error rates with the
521  validation reads; Figures S2-S5). Therefore, we focus on comparing short-read-
522 only and hybrid assemblies in which short-reads were corrected using Karect.
523

524  Short-read-only assemblies

525  Short-read-only assemblies with coverage =20x produced three complete
526  contigs corresponding to the three major structural regions of the chloroplast
527 genome: the long single copy, the short single copy and the inverted repeat
528  (Figure S2a). After manual curation (see Methods), in which we assembled the

24


https://doi.org/10.1101/320085
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/320085; this version posted May 11, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

529  resulting three contigs by hand and polishing, the short-read-only assemblies had
530  high mapping rates of the validation reads (99.36%) and low rates of mismatches
531 and indels between the validation reads and the assemblies (0.0007). This error
532 rate is lower than the expected error rate of the validation reads, suggesting that
533  the short-read-only assemblies may contain few or no errors. One small source
534  of errorin the short-read-only assemblies, which is not reflected in these statistics,
535 is thatin these assemblies ~10 bp from the beginning or end of long single copy
536  or short single copy region are sometimes incorrectly assigned to the inverted
537  repeat region, vice versa. This may cause minor errors in assemblies when whole
538 chloroplast genomes are manually assembled from the three contigs that result
539  from short-read-only assemblies.

540

541  Hybrid assemblies

542  Hybrid assembly with Unicycler performed better than all other assemblies as long
543  as both long- and short-read coverage was at least 20x (Figures 1 and S2). In
544  these cases, the entire chloroplast genome was assembled into a single contig
545  without manual curation, and the validation reads showed a mapping rate of
546 99.43% and an error rate of 0.0007 after polishing. As above, this suggests that
547  these hybrid assemblies likely contained few or no errors. When the long-read
548  coverage was less than 20x, the long-reads made no meaningful difference to the
549  hybrid assemblies when compared to short-read-only assemblies. When
550 coverage of long-reads was = 20x, all assemblies with the same short-read
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coverage were exactly the same. These results suggest that the long-read
information is useful for confirming the correct conjunctions between the two
single copy regions and the inverted repeats in Unicycler. Assemblies using only
5x short-read coverage were missing ~40 kb of the chloroplast genome,
regardless of the long-read coverage (Figure S2b). The length of hybrid
assemblies with = 20x coverage of both long- and short-reads were all very

similar, differing by at most four bases from a length of 159,942 bp.

Hybrid assembly with different lengths of long-reads

Hybrid assembly performance was highly dependent on the length of the long-
reads. Hybrid assembly produced a single contig spanning the entire complete
chloroplast genome with as little as 5x long-read coverage and 8x short-read
coverage, provided that all the long-reads were longer than 30 kb (Table 1 and
Figures S6-S11), which is long enough to cover the entire inverted repeat region
(~26 kb). When long-reads were shorter than 20 kb, the hybrid assembly failed
to assemble the entire chloroplast genome into a single contig (Table 1, Figures
S6 and S7), likely because these reads are shorter than the inverted repeat
region. When long-reads were 20-30 kb, hybrid assembly produced a complete
assembly with a single contig with at least 20x long-read coverage and at least

10x short-read coverage.

Table 1. The minimum coverage of long-/short-reads required to assemble one contig
spanning the entire chloroplast genome.
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Long-read 5-10 kb 10-20kb | 20-30kb | 30-40kb | 40-50kb | = 50 kb
length range
Long-read N/A N/A 20x 5x 5X 5X
Short-read N/A N/A 10x 8x 8x 8x

N/A: No one contig spanning the entire chloroplast genome can be assembled under
this long-read length range.

Final genome assessment

To choose one assembly as the £ pauciflora chloroplast reference genome, we
compared all hybrid assemblies with = 20x long- and short-read coverage. The
81 assemblies fall into six groups of identical assemblies (Figure 2), all of which
have identical mapping and error rates (Figure 1c and 1d). All assemblies with
the same short-read coverage were identical, regardless of their long-read
coverage. Assemblies with 40x, 200x or 500x short-read coverage were identical,
as were assemblies with 300x and 400x short-read coverage, while assemblies
with 20x, 60x, 80x and 100x short-read coverage were all unique. The
differences between these six groups of assembilies fall into just three regions of
the chloroplast genome (Figure 2): (i) an adenine homopolymer site, 9048-9061,
containing six variants; (i) an adenine homopolymer site, 32043-32059, in which
the 80x short-read coverage assemblies have a small deletion; (iii) a thymine
homopolymer site, 51964-51975, in which the 20x short-read coverage

assemblies have a short deletion.
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To distinguish which variant in each of these regions was most likely to be
correct, we mapped all of the long- and short-reads to all six assemblies. This
revealed that the identical assemblies from the 40x, 200x, and 500x short-read
coverage datasets are most likely to be correct. In the first adenine
homopolymer site, both short- and long-reads rejected the thymine substitution
(which is present in the 20x, 60x, and 80x short-read coverage assemblies,
Figure 2), but neither the short- nor the long-reads provided clear preference
for the length of the homopolymer. The long-reads provided little useful
information due to their high rate of systematic error around homopolymers.
Roughly the same number of reads map successfully to this region regardless of
whether the assembly has 14, 15, or 16 adenines in this homopolymer, and in all
cases no roughly 10% of short-reads disagree with the length of the
homopolymer in the assembly. This may be the result of sequencing error, or
mapping error, or heteroplasmies affecting this site. For the other two
homopolymer sites, the short-reads clearly showed that the deletions in the 20x
and 80x coverage assemblies in these regions where likely to be assembly errors
(>50% of short-reads show insertions in both regions). Based on these
observations, we selected the genome assembly derived from 500x coverage of
both short- and long-read data as the final genome assembly. Despite the
uncertainty in the homopolymer at position 9048-9061, we preferred this

assembly because it is derived from the most data.
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616  The mapping results suggest that the per-base accuracy of the final genome
617  assembly is very high, and is unlikely to contain any errors. We identified all sites
618  that show a non-reference base or small indel at a frequency of =10%, revealing
619 1016 sites for the mapped long-reads and one for the mapped short-reads. Of
620  these, there are no sites that contained a non-reference allele at =50%

621  frequency in either the long- or the short-read mapping. This suggests that the
622  final genome assembly is unlikely to contain any errors. The high number of sites
623  with a non-reference allele at =10% for the mapped long-reads is expected

624  given their much higher error rate, and biases associated with the estimation of
625 the length of homopolymer runs. The one site identified with a non-reference
626  base =10% in the short-reads was site 51961 in which 47.71% of bases support a
627 T insertion. This insertion is located in a homopolymer T region (Figure S12), and
628  so the ONT long-reads can provide little information on whether the insertion is
629 likely to be an assembly error, a true variant (e.g. due to heteroplasmy),

630  sequencing error in the short-reads, or a mapping error (e.g. due to a

631  proportion of short-reads being derived from DNA transferred from the

632  chloroplast to the mitochondrial or nuclear genomes [75]).

633

634  E. pauciflora chloroplast genome annotation, and phylogenetic analysis

635  The £ paucifiora chloroplast genome is 159,942 bp in size, comprised of two
636  inverted repeat regions of 26,367 bp, a long single copy region of 88,787 bp,
637  and a short single copy region of 18,421 bp. We identified and annotated 131
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genes of known function including 37 transfer RNA genes and 8 ribosomal RNA
genes (Figure 3a). All ribosomal RNA genes are located in the inverted repeat
regions. Five genes, psbL, intA, ycfl and two copies of ycf15, were annotated as

pseudogenes.

The phylogenetic analysis places E£. paucifiora as a sister to a clade comprised of
E. regnans, E. elata, and E. sieberi with high bootstrap support (Figure 3b). As
expected, interrelationships among the other 31 EFucalyptus chloroplast
genomes are the same as reported previously [5]. The placement of £ pauciflora
is consistent with previous Eucalyptus analyses using Diversity Array Technology

markers [76].
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660

661

662

663

664

665 Discussion

666 By comparing a large range of different approaches to chloroplast genome

667  assembly, we show that hybrid assembly with at least 20x coverage of long-

668  reads (containing at least 5x coverage of reads large than the inverted repeat
669  region) and 20x coverage of short-reads is sufficient to assemble the entire

670  chloroplast genome into a single contig with few or no errors. We also show that
671  very similar accuracy can be obtained from short-read-only assemblies,

672  although in this case the genome is assembled into three contigs representing
673  the three main regions of the chloroplast genome. Long-read-only assemblies
674  using ONT data produced multiple contigs and contained many errors, even

675  after polishing with long-read polishing algorithms. We demonstrate how

676  multiple genome assemblies from the same data can be rigorously compared by
677  retaining a subset of reads as a validation set. Finally, by re-mapping both our
678 long- and short-reads to our final assembly, we show that it is likely that our

679  final assembly has few or no errors, and identify one sites in which the lengths of
680 homopolymers were difficult to determine, even with very high coverage of

681 long- and short-reads.
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Short-read-only assemblies of the chloroplast genome were highly accurate,
but were divided into the three regions of the chloroplast genome — the long
single copy, short single copy, and inverted repeat. Such assemblies have two
limitations. First, they must be manually combined into a full-length chloroplast
genome, and this relies on comparison to a reference genome. Second, if using
Unicycler as the assembler, although it can assemble the three regions of
chloroplast genome, it occasionally placed ~10 bp from the end of one region
onto the start of another, such that the accuracy of manually-curated short-
read-only assemblies may be rather low at the junctions between regions. This
may not matter for some approaches (e.g. phylogenetics, in which such regions
could be safely ignored), but may be important for other applications (e.qg.
population or functional genetics in which variants in these regions may be the

focus of a study).

Our study suggests that there are two key advantages to hybrid assemblies
compared to short-read-only assemblies. First, the addition of as little as 5x
coverage of long-reads of sufficient length that span the inverted repeat
(roughly 10-30 kb in most species) results in assembling the entire chloroplast
genome into a single contig. This will be beneficial for those who wish to obtain
a reference-free estimate of the overall structure of the chloroplast genome (e.g.
for researchers interested in structural variation [77-80]), and for those who wish
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to accurately infer the sequence of the junctions between the major regions of
the genome without additional Sanger sequencing. Second, long-reads provide
useful information for assessing the assembly errors or heteroplasmies in
chloroplast genome assembly. The limited length of short-reads (150 bp in this
study) will increase the rate at which these reads map incorrectly, particularly
given the existing copies of sections of the chloroplast genome in the
mitochondrial or nuclear genome [81-84]. This problem should be much

reduced for long-reads, which in our study had a minimum length of 5 kb.

Our results differ from those reported in a recent study of long-read-only and
short-read-only chloroplast genome assemblies, which suggested that there
were substantial benefits of long-read-only assembly for chloroplast genomes
assembly [29]. That study used PacBio data (we used ONT data here), and
compared the resulting assemblies to those generated from Illumina data (as we
used here). That study suggested that long-reads were beneficial based on the
observation that short-read-only assemblies recovered just ~90% of the
chloroplast genome assembled into seven contigs, with a relatively high
proportion (0.12%) of uncertain sites. We were able to successfully assemble
100% of the chloroplast genome into three contigs (corresponding directly to the
three major structural regions of the chloroplast genome) with very high
accuracy, given just 20x coverage of short-read data. The difference between
these two studies is likely due to recent improvements in genome-assembly
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algorithms, and in particular the development of Unicycler, which is designed
specifically for the assembly of circular genomes from short-read and combined
short- and long-read data. These improved genome assembly algorithms
mitigate many of the previous limitations of short-read-only assemblies of the
chloroplast genome, making the differences between approaches less severe

than they were previously.

Assembling highly accurate chloroplast genomes from purely long-reads
generated on the ONT platform remains challenging. The long-read-only
assemblers we assessed were unable to assemble the genome into a single
contig, although they were able to assemble multiple contigs which could
subsequently be manually curated to produce full-length chloroplast genomes
(Figures 1 and S1). However, the single-base accuracy of these genome
assemblies (after polishing) remained much higher than those of short-read-
only or hybrid assemblies (after polishing). Long-read-only assemblies are likely
to be more accurate at the single base level when using PacBio sequencing,
because the error profile of PacBio sequencing is less systematically biased than
that of ONT sequencing. However, in agreement with our findings, a recent
study showed using PacBio sequencing data it was not yet possible to assemble
the entire chloroplast genome into a single contig without post-assembly

processing [29-31, 85].
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Conclusions

Our results show that it is possible to produce complete and highly-accurate
chloroplast genome assemblies by combining at least 20x coverage of long-

and short-read data, respectively. Given the low cost and simplicity of
generating long-read data from the ONT sequencer (MinlON) [22, 34], the
extremely low cost of producing high-coverage short-read data using Illlumina
technology, and the potential to multiplex multiple samples on both devices, this
provides a clear path towards producing multiple highly-accurate and complete
chloroplast genome assemblies for very low cost. The ability to recover the
genome in a single contig will also be of great benefit to those interested in

assembling chloroplast genomes with atypical structures.

Perhaps the biggest remaining challenge with the hybrid assembly approach is
the production of long-reads that span the entire inverted repeat region. We
showed that it is necessary to include at least 5x coverage of such reads to gain
the benefits of the hybrid assembly approach. In most species, the inverted
repeat region is ~10-30 kb, and successfully extracting and sequencing DNA
containing sufficient intact molecules longer than 30 kb remains difficult.
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Nevertheless, many groups are now working on establishing high-molecular-
weight DNA extraction protocols (e.g. [86, 87]), suggesting that the remaining

issues are unlikely to be insurmountable for most species.

Broadly speaking, our analyses may also provide hints on obtaining high-quality

assembly of other circular genomes, such as those of other organelles and

bacteria.
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Fig 1. Comparison of chloroplast genome assemblies. The coverage of the long- and short-reads is shown along the top and left-hand-side of each panel,
respectively. The left-hand-side also shows which assembler was used for each row of assemblies in that panel. Hinge and Canu are long-read-only
assemblers, whereas Unicycler is short-read-only and hybrid assembler. The Hinge and Canu results in B, C, D were polished by Racon+Nanopolish, and the
Unicycler results used Karect-corrected short-reads. A. The total coverage of the chloroplast genome across all contigs output by the assembler. Panels
marked with a red ‘x’ contained a single contig covering the whole chloroplast genome. The heatmap indicates the chloroplast genome coverage. B. The
assembly length of different assemblies after manual curation (e.g. removing duplicate regions). Panels marked with an ‘x’ denote assemblies with the
expected length, in the range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with
highest mapping rate (99.43%) are marked with a red 'x'. D. The average per-base error rate of validation reads mapped to each manually-curated genome
assembly. Assemblies with the lowest error rate (0.0007) are marked with a red ‘X’
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Figure S1. The summary of long-read-only assemblies. Long_5x indicates the 5x coverage of long-read was used in the assembly. Hinge failed to
assemble genome with <20x coverage. None, Racon, Nanopolish and Racon+Nanopolish mean the different genome polishing pipeline. A. The total
coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas the
heatmap is the genome coverage (it could be over 100% if some duplications exist). B. The assembly length of different assemblies after manual curation
(e.g. removing duplicate regions). C. The mapping rate of validation reads to the assemblies after manual curation. D. The average per-base error rate of
validation reads mapped to each manually-curated genome assembly.
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Figure S2. The summary of short-read-only and hybrid assemblies with Karect short-read correction. Long and Short indicate the coverage of this assembly.
A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas
the heatmap is the genome coverage (it could be over 100% if some duplications exist). Numbers marked with red contained a single contig covering the
whole chloroplast genome. The heatmap color is reversed compared to the Figure 1 to make the color in all figure panel A show consistence. B. The assembly
length of different assemblies after manual curation (e.g. removing duplicate regions). Numbers marked with red denote assemblies with the expected length,
in the range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate
(99.43%) are marked with red. D. The average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with
the lowest error rate (0.0007) are marked with red.
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Figure S3. The summary of short-read-only and hybrid assemblies with SPAdes short-read correction. Long and Short indicate the coverage of this assembly.
A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas
the heatmap is the genome coverage (it could be over 100% if some duplications exist). Numbers marked with red contained a single contig covering the
whole chloroplast genome. The heatmap color is reversed compared to the Figure 1 to make the color in all figure panel A show consistence. B. The assembly
length of different assemblies after manual curation (e.g. removing duplicate regions). Numbers marked with red denote assemblies with the expected length,
in the range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate
(99.43%) are marked with red. D. The average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with
the lowest error rate (0.0007) are marked with red.
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Figure S4. The summary of short-read-only and hybrid assemblies with Karect+SPAdes short-read correction. Long and Short indicate the coverage of this
assembly. A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly,
whereas the heatmap is the genome coverage (it could be over 100% if some duplications exist). Numbers marked with red contained a single contig covering
the whole chloroplast genome. The heatmap color is reversed compared to the Figure 1 to make the color in all figure panel A show consistence. B. The
assembly length of different assemblies after manual curation (e.g. removing duplicate regions). Numbers marked with red denote assemblies with the
expected length, in the range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with
highest mapping rate (99.43%) are marked with red. D. The average per-base error rate of validation reads mapped to each manually-curated genome
assembly. Assemblies with the lowest error rate (0.0007) are marked with red.
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Figure S5. The summary of short-read-only and hybrid assemblies without any short-read correction. Long and Short indicate the coverage of this assembly.
A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas
the heatmap is the genome coverage (it could be over 100% if some duplications exist). Numbers marked with red contained a single contig covering the
whole chloroplast genome. The heatmap color is reversed compared to the Figure 1 to make the color in all figure panel A show consistence. B. The assembly
length of different assemblies after manual curation (e.g. removing duplicate regions). Numbers marked with red denote assemblies with the expected length,
in the range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate
(99.43%) are marked with red. D. The average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with

the lowest error rate (0.0007) are marked with red.
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Figure S6. The summary of assemblies with Karect-corrected short-reads and =10 kb long-reads. Long and Short indicate the coverage of this assembly.
A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas
the heatmap is the genome coverage (it could be over 100% if some duplications exist). The heatmap color is reversed compared to the Figure 1 to make
the color in all figure panel A show consistence. B. The assembly length of different assemblies after manual curation (e.g. removing duplicate regions). C.
The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate (99.43%) are marked with red. D. The
average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with the lowest error rate (0.0007) are
marked with red.
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Figure S7. The summary of assemblies with Karect corrected short-reads and 10-20 kb long-reads. Long and Short indicate the coverage of this assembly.
A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas
the heatmap is the genome coverage (it could be over 100% if some duplications exist). The heatmap color is reversed compared to the Figure 1 to make
the color in all figure panel A show consistence. B. The assembly length of different assemblies after manual curation (e.g. removing duplicate regions). C.
The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate (99.43%) are marked with red. D. The
average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with the lowest error rate (0.0007) are
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931 Figure S8. The summary of assemblies with Karect corrected short-reads and 20-30 kb long-reads. Long and Short indicate the coverage of this assembly.
932  A.The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas
933  the heatmap is the genome coverage (it could be over 100% if some duplications exist). Numbers marked with red contained a single contig covering the
934
935 length of different assemblies after manual curation (e.g. removing duplicate regions). Numbers marked with red denote assemblies with the expected length,

whole chloroplast genome. The heatmap color is reversed compared to the Figure 1 to make the color in all figure panel A show consistence. B. The assembly
936  inthe range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate

937  (99.43%) are marked with red. D. The average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with
938  the lowest error rate (0.0007) are marked with red.
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Figure S9. The summary of assemblies with Karect corrected short-reads and 30-40 kb long-reads. Long and Short indicate the coverage of this assembly.
A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas
the heatmap is the genome coverage (it could be over 100% if some duplications exist). Numbers marked with red contained a single contig covering the
whole chloroplast genome. The heatmap color is reversed compared to the Figure 1 to make the color in all figure panel A show consistence. B. The assembly

length of different assemblies after manual curation (e.g. removing duplicate regions). Numbers marked with red denote assemblies with the expected length,
in the range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate
(99.43%) are marked with red. D. The average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with
the lowest error rate (0.0007) are marked with red.

51


https://doi.org/10.1101/320085
http://creativecommons.org/licenses/by/4.0/

948
949
950
951
952
953
954
955
956

A

Shert_5x
Short_8x
Short_10x%
Short_20x
Short_40x
Short_60x
Short_80x
Short_100x
Short_200x
Short_300x
Short_400x
Short_500x

C.

shart_sx
Shaort_8x
Short_10x
Short_20x
Short_40x
Short_50x
Short_80x
Short_100x
Short_200x
Short_300x
Short_400x
Short_500x

Long 5%

1ong 5%

99.43
90.43
99.35
99.35
99.43
99.43
99.35
99.35
99.43

Long B*

Long 8%

99.43
90.43
99.43
99.43
99.43
9943
99.43
§0.43
99.43

Long_10%

Long 0%

99.43
99.43
99.43
39.43
29.43
99.43
99.43
99.43
29.43

Coverage

Long 407

vong_20%

1.0

Mapping Rate

1ong 20%

99.43
99.43
99.43
99.43
99.43
99.43
99.43
99.43
99.43

Long 0%

99.43
99.43
99.43
99.43
99.43
99.43
99.43
99.43
99.43

Long_80%

\ang 89%

99.43
99.43
99.43
99.43
99.43
99.43
99.43
99.43
99.43

Long_B0%

ong B0%

99.43
99.43
99.43
53.43
99.43
99.43
99.43
9943
99.43

90.02%

99.43%

Long_bO0%

Long MA0*

99.43
90.43
99.43
99.43
99.43
9943
99.43
8043
99.43

Shert_5x
Short_Bx
Shert_10x
Short_20x
Short_40x
Short_60x
Short_80x
Short_100x
Short_200x
Shert_300x
Short_400x
Short_500x

D.

Short_5x
Shart_Bx
short_10x
Short_20x
Short_40x
Short_60x
Short_80x
Short_100x
Short_200x
Short_300x
Short_400x
Short_500x

Long *

128137

159097
159951
158940
159942

Long 3%

0.0074

00007
0.0007
0.0007
0.0007
0.0007
0.0007
0007
0.0007
0.0007
0.0007

Long 8%

128201
159312
159947
159940
159342
158944
159938
159944
159942
159944
159943
159942

128137 bp

Long 5%

0.0039
0.0051
0.0007
0.0007
0.0007
0.0007
0.0007
0.0007
0.0007
0.0007
0.0007
0.0007

159318
159949
159940
159942
159944
159938
159944
153942
153944
159943
159942

Long 20%

0.0034
0.0051
o.oon?
0.0007
0.0007
Q.0007
0.0007
0.0007
00007
0.0007
0.0007
0.0007

Long 10%

Assembly Length

L ong_20% Long_20¥ Long_B80* Long_B0* Long 100%
159705 159819 159860 159859 159859
159949 159946 159946 159947 159946
159940 159840 159840 159840 153940
159947 159542 159942 159542 159947
159944 159844 159844 159844 153944
159938 159038 159838 159838 155338
159944 159944 159944 159844 159944
159942 159942 159942 159942 153942
159944 159944 159944 159944 159944
159943 159943 159943 159543 159943
159942 159842 159842 159842 153942

159951 bp
Error Rate
Long 20% Long 0¥ 1 ong 69% L ang BO* \ong 100%
N ove o0y

0.0020 0.0018 0.0018 00018
0.0007 0.0007 0.0007 0.0007 0.0007
0.0007 0.0007 0.0007 0.0007 0.0007
0.0007 0.0007 0.0007 0.0007 0.0007
0.0007 0.0007 0.0007 0.0007 0.0007
0.0007 0.0007 0.0007 0.0007 0.0007
0.0007 0.0007 0.0007 0.0007 0.0007
0.0007 0.0007 00007 00007 00007
0.0007 0.0007 0.0007 0.0007 0.0007
0.0007 0.0007 0.0007 0.0007 0.0007
0.0007 0.0007 0.0007 0.0007 0.0007

0.0007

0.0074

Figure S10. The summary of assemblies with Karect corrected short-reads and 40-50 kb long-reads. Long and Short indicate the coverage of this assembly.
A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas

the heatmap is the genome coverage (it could be over 100% if some duplications exist). Numbers marked with red contained a single contig covering the

whole chloroplast genome. The heatmap color is reversed compared to the Figure 1 to make the color in all figure panel A show consistence. B. The assembly

length of different assemblies after manual curation (e.g. removing duplicate regions). Numbers marked with red denote assemblies with the expected length,
in the range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate
(99.43%) are marked with red. D. The average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with
the lowest error rate (0.0007) are marked with red.
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Figure S11. The summary of assemblies with Karect corrected short-reads and =50 kb long-reads. Long and Short indicate the coverage of this assembly.
A. The total coverage of the chloroplast genome across all contigs output by the assembler. The number is the number of contigs of each assembly, whereas
the heatmap is the genome coverage (it could be over 100% if some duplications exist). Numbers marked with red contained a single contig covering the
whole chloroplast genome. The heatmap color is reversed compared to the Figure 1 to make the color in all figure panel A show consistence. B. The assembly
length of different assemblies after manual curation (e.g. removing duplicate regions). Numbers marked with red denote assemblies with the expected length,
in the range 155,938 bp-155,945 bp. C. The mapping rate of validation reads to the assemblies after manual curation. Assemblies with highest mapping rate
(99.43%) are marked with red. D. The average per-base error rate of validation reads mapped to each manually-curated genome assembly. Assemblies with
the lowest error rate (0.0007) are marked with red.
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