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Abstract 

Chloroplasts are organelles found in plant cells and eukaryotic algae that conduct 

photosynthesis. Chloroplasts contain their own circular genome which is generally 

small, gene-rich and present in very high copy numbers in leaf tissue. Chloroplast 

genome data is useful for phylogenetic analyses, for species identification and for 

tracing evolutionary adaptations such as the switch from C3 to C4 photosynthesis. 

Until recently, the data acquired was generally limited to small portions of the 

genome amplified by polymerase chain reaction, but current sequencing technology 

enables us to obtain complete plastid genome sequences from many samples on a 

large scale. However, the sudden flood of data raises numerous challenges in data 

analysis such as the automation of accurate assembly, annotation and comparison 

of whole genomes. The aim of this study was to develop robust computational 

plastome assembly and annotation tools. Using this automated assembly pipeline, 

(near) complete plastomes were assembled for most of ~600 herbarium specimens 

in the Pilbara flora project (https://pilbseq.dbca.wa.gov.au). In particular, a novel 

annotation algorithm was developed to address challenges in plastome annotation 

(e.g. extremely short exons and unusual intron splice sites) with the accuracy of a 

human expert. The annotation software was used to re-annotate the ~4000 available 

plastomes of land plants in GenBank, as well as the newly assembled genomes. Our 

annotation approach predicts genes or other features through transferring gold-

standard manually-curated annotation available for a few genomes to all other 

genomes. This is achieved via aligning whole genome sequences, projecting the 

reference features to corresponding syntenic regions and finally interpreting the 

projected features using all available biological context. Unlike existing tools, our 

approach takes full advantage of the conservation of non-coding sequences as well 

as coding sequences when determining the location of feature boundaries. These 

newly developed tools, and the consistently annotated datasets developed with 

them, are valuable resources for future studies in phylogenomics and comparative 

genomics. 

 

 

https://pilbseq.dbca.wa.gov.au/
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Chapter 1 - General Introduction 

Sequencing technology 

Since the fundamental discovery of the structure of DNA, it has been an ongoing 

challenge to determine the sequence of bases (adenine (A), guanine (G), cytosine 

(C) and thymine (T)) within nucleic acids as accurately and cost-effectively as 

possible. In the early days, sequencing DNA was highly laborious and expensive. 

Thanks to the advent of automated, fluorescence-based Sanger sequencing 

machines, large-scale DNA sequencing became feasible and motivated the initiation 

of The Human Genome Project (HGP), the world's largest collaborative biological 

project (Shendure et al., 2017). Although exciting, the huge project took more than 

ten years to complete and cost approximately $3 billion, which revealed the need for 

more advanced sequencing technologies. Arabidopsis thaliana, a model species, 

was the first plant to be sequenced at a cost of roughly $100 million, despite its small 

genome (~140 Mb) (Kersey, 2019). Subsequently, outstanding progress has been 

made in DNA sequencing with dramatically increased capacity and decreased cost. 

The game-changer is next-generation sequencing (NGS), that has cut the cost of 

sequencing a human genome down to below $1000 and approaching $100. As a 

result, the amount of sequence data is growing exponentially, exceeding Moore’s law 

(Stephens et al., 2015), which describes the rate of advance in the semiconductor 

industry (Figure 1). However, NGS platforms provide shorter reads compared to 

those of traditional technologies, limiting their utility for de novo genome assembly, 

identification of long structural variants and annotation of alternative splicing, etc. 

(Goodwin, McPherson, & McCombie, 2016).  

 

 

 

http://f1000.com/work/citation?ids=4345539&pre=&suf=&sa=0
https://paperpile.com/c/aWBKGF/sJ3h
https://paperpile.com/c/aWBKGF/s1Eu
http://f1000.com/work/citation?ids=1459092&pre=&suf=&sa=0
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Figure 1. DNA sequencing cost per genome - a human-sized genome. 

(https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data) 

 

Ideally, sequencing can accurately read native nucleotide sequences of 

chromosomes without read-length limitations. Currently, there are two approaches 

with the potential of reaching this goal: developed by Pacific Biosciences (PacBio) 

and Oxford Nanopore. Single-molecule long-read sequencing, also known as third-

generation sequencing, is capable of producing long or even ultra-long reads 

(~10kb-2mb) by enabling direct sequencing of DNA molecules (Jain et al., 2018). 

Such long reads are able to span long repetitive elements and other complex regions 

of a genome. These advances, however, are not without limitations including high 

error rates (~10-30%), low throughput and the requirement for high molecular weight 

DNA. Fortunately, the errors may be distributed randomly within each long read and 

hence sufficient reads have the chance to correct them (Goodwin et al., 2016; 

Pollard, Gurdasani, Mentzer, Porter, & Sandhu, 2018). 

 

In the past three decades, the revolution of sequencing technology has had a 

profound impact on exploring genomes in greater depth and in various striking 

applications. The technologies are anticipated to continue advancing and impacting 

life science. 

https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data
http://f1000.com/work/citation?ids=4768207&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1459092,5663377&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1459092,5663377&pre=&pre=&suf=&suf=&sa=0,0
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Chloroplast & plastome overview 

Green plants (Viridiplantae) are a crucial kingdom of life, responsible for the majority 

of global primary production via photosynthesis, and directly exploited by humanity 

for nutrition, animal feed, medicine, clothing and other purposes. Chloroplasts are 

the iconic organelle in plants and algae with a primary role in photosynthesis. 

Chloroplasts evolved from an ancestral cyanobacterium that was engulfed by an 

early eukaryotic cell ~2 billion years ago, after which a majority of genes in the 

original chloroplast were lost or transferred to the nucleus or mitochondria (Timmis, 

Ayliffe, Huang, & Martin, 2004). This process, also known as endosymbiosis, has 

already shaped the three genomes and their crosstalk, and is still continuing (Figure 

2). 

 
Figure 2. Organellar DNA mobility and the genetic control of biogenesis of mitochondria and 
chloroplasts (Timmis et al., 2004). 

Chloroplasts contain their own genome, also called the plastome. The first 

chloroplast genomes from tobacco (Nicotiana tabacum. Figure 3) and liverwort 

(Marchantia polymorpha) were sequenced in 1986 (Ohyama et al., 1986; Shinozaki 

et al., 1986). In general, chloroplast genomes across land plants have highly 

conserved size, structure and gene content. First, they are rather small (120-170 kb) 

relative to the genomes of mitochondria (200-750 kb) or nuclei (0.10-152 gb) 

(Gualberto et al., 2014; Michael, 2014). Second, most of them exhibit a quadripartite 

https://en.wikipedia.org/wiki/Eukaryotic
http://f1000.com/work/citation?ids=27738&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=27738&pre=&suf=&sa=0
https://paperpile.com/c/aWBKGF/7vag
https://paperpile.com/c/aWBKGF/7jNB+AzOW
https://paperpile.com/c/aWBKGF/7jNB+AzOW
http://f1000.com/work/citation?ids=2785115,6374435&pre=&pre=&suf=&suf=&sa=0,0


 
 

 
           18 

structure including two identical long inverted repeats (IRs, ~10–30 kb) separated by 

large and small single copy regions (LSC and SSC, respectively). Third, they 

typically contain ~100 unique genes, encoding key proteins involved in 

photosynthesis, a full set of ribosomal RNAs (rRNA) and transfer RNAs (tRNAs) 

(Tonti-Filippini, Nevill, Dixon, & Small, 2017). The chloroplast genome has long been 

considered to exist as circular DNA molecules and this expectation is still widely 

held. However linear DNA was recently observed in maize chloroplasts and deduced 

for other plants (Oldenburg & Bendich, 2016).  

 
Figure 3. Circular map of the Nicotiana chloroplast genome. The GenBank accession is 

NC_001879. Genes drawn outside of the circle are transcribed clockwise, while those inside are 

counterclockwise. Small single copy (SSC), large single copy (LSC), and inverted repeats (IRa, IRb) 

are indicated. 

 

 

http://f1000.com/work/citation?ids=5406442&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=6380178&pre=&suf=&sa=0
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Why is it useful to sequence plastomes?  

The plastome is widely used by plant biologists for decoding its functional 

capabilities, developing genetic engineering applications and particularly for 

reconstructing evolutionary relationships among plants (Daniell et al., 2016; 

Gitzendanner, Soltis, Wong, et al., 2018; Gitzendanner, Soltis, Yi, et al., 2018; H. Liu 

et al., 2019; Ruhfel et al., 2014; Tonti-Filippini et al., 2017). In each of these fields, 

the move from the analysis of short DNA fragments amplified by PCR to complete 

chloroplast genomes, is important for providing higher resolution and robustness. 

Despite the fact that several sequences, including rbcL, matK and trnH-psbA, are 

commonly utilized as markers for inferring genetic relatedness among species, the 

markers generally underperform in resolving relationships at some level (either 

because of too little variation between closely related plants or saturation of the 

variation across great phylogenetic distances). In comparison, complete or nearly 

complete plastome sequences are promising for reconstructing well-supported 

relationships (Coissac, Hollingsworth, Lavergne, & Taberlet, 2016; Ruhfel, 

Gitzendanner, Soltis, Soltis, & Burleigh, 2014). Moreover, the complete plastome 

sequence allows the investigation of gene losses or other intriguing genome 

evolution events in lineages (Todd M. Lowe & Chan, 2016; Wicke et al., 2016, 2013), 

for example in carnivorous (Nevill et al., 2019), parasitic (Delannoy et al., 2011; 

Roquet et al., 2016) and mycoheterotrophic plants (Bellot & Renner, 2016). 

 

Until recently, though, chloroplast genome sequencing was a costly and time-

intensive endeavor, limiting its utility for molecular biologists and evolutionary 

biologists. High-throughput sequencing has made it considerably cheaper and easier 

to obtain complete chloroplast genomes from total DNA (Tonti-Filippini et al., 2017). 

Although the chloroplast genome size is typically 3-4 orders of magnitude smaller 

than the nuclear genome size, its copy number can exceed 2,000 in a fully 

developed green cell (Golczyk et al., 2014). Consequently, chloroplast DNA usually 

accounts for 5-20% of total DNA extracted from young leaves and thus low-coverage 

shotgun sequencing of total DNA (genome skimming sequencing) can generate 

sufficient data to assemble an entire chloroplast genome (Twyford & Ness, 2017).  

 

https://paperpile.com/c/aWBKGF/1vnP+Rv7y+kRX9+Ofxw+QZot+rgjY
https://paperpile.com/c/aWBKGF/1vnP+Rv7y+kRX9+Ofxw+QZot+rgjY
https://paperpile.com/c/aWBKGF/1vnP+Rv7y+kRX9+Ofxw+QZot+rgjY
http://f1000.com/work/citation?ids=2912491,2765246&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=2912491,2765246&pre=&pre=&suf=&suf=&sa=0,0
https://paperpile.com/c/aWBKGF/0Hhf+xAiW+vowZ
https://paperpile.com/c/aWBKGF/jDvt
https://paperpile.com/c/aWBKGF/PAtE+4S3n
https://paperpile.com/c/aWBKGF/PAtE+4S3n
https://paperpile.com/c/aWBKGF/DTZI
https://paperpile.com/c/aWBKGF/Rv7y
http://f1000.com/work/citation?ids=1403977&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=6415694&pre=&suf=&sa=0
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Altogether, widespread interest in plastomes and rapidly decreasing sequencing cost 

is driving a dramatic increase in the number of genome sequences submitted to 

public sequence repositories. Thus far, over 4717 chloroplast genomes from various 

species have been sequenced 

(https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/, last accessed 15th 

March 2020), of which approximately 4200 are from land plants (Figure 4). In 

addition, several ongoing large-scale projects have been launched, such as the 

‘PhyloAlps project’ covering 6000 samples of the whole of the alpine flora 

(https://www.france-genomique.org/spip/?lang=en) and the ‘NorBol project ’ covering 

3000 samples of vascular plants from the arctic-boreal flora 

(http://www.norbol.org/en/projects/). 

 
Figure 4. Accumulation of plastid genomes in Genbank since 2000. 

While the organellar genomes are largely ignored by most whole genome 

sequencing projects or considered as ‘contamination’, some recent projects have a 

different emphasis. For instance, 689 vascular plants from Ruili Botanical Garden 

located in South West China were sequenced at an average coverage of 60x in 

which complete plastomes were recovered for all 689 species (H. Liu et al., 2019). 

This study proved the feasibility of sequencing a larger number of plant genomes in 

the 10KP (10,000 Plants) Genome Sequencing Project (Cheng et al., 2018). 
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Additionally, recent studies have found the entire plastome is almost fully transcribed 

and thus it is possible to obtain (near) complete plastomes from RNA-Seq data, 

which opened a new window to prospect for plastid genomes in massive RNA-Seq 

databases. For instance, the 1,000 plants (1KP) project comprises a wealth of RNA-

Seq data for over 1000 species of plants (Matasci et al., 2014; Osuna-Mascaró, 

Rubio de Casas, & Perfectti, 2018; Shi et al., 2016). 

Sequencing strategies for plastomes 

At present, plastid genome sequencing is at an exciting turning point. Although a 

plethora of different strategies to obtain whole chloroplast sequences are available, 

many require prior plastid DNA isolation or enrichment, which is time-consuming and 

costly. These traditional approaches will probably not work at all for producing 

complete plastomes when samples are degraded herbarium DNA material or contain 

structurally divergent plastids (Bakker et al., 2016; Dodsworth, 2015). In contrast, 

sequencing total DNA extracts at low-coverage (~0.1-10x relative to the nuclear 

genome) is emerging as a direct and cost-effective way to provide sufficient data for 

complete plastome assembly and particularly well-suited to large-scale sequencing 

projects with hundreds or even thousands of samples (Coissac et al., 2016). Given 

the massive scale of sequencing tasks, there remains a trade-off between the depth 

of sequencing coverage and breadth of the sample set. 30x coverage of the 

plastome was proved to be the minimum required coverage, and/or 500Mb ~ 1Gb of 

total sequence data was deduced to be sufficient to obtain complete genome 

sequences (Dierckxsens, Mardulyn, & Smits, 2017; Twyford & Ness, 2017). As a 

modern sequencing instrument, such as a NovaSeq 6000 System, is capable of 

producing up to 6000 Gb bases per day maximum, it is quite possible to output raw 

sequencing data for thousands of samples each sequencer, every day 

(https://www.illumina.com/systems/sequencing-platforms.html?langsel=/us/). 

 

Short reads lack long-range information to cross long repetitive regions, including the 

pair of large inverted repeats in the plastome, leading to assembly collapse in these 

regions. In contrast, long-read sequencing has the potential to overcome the issue 

and is promising for quality genome assembly (Q. Li et al., 2014; Soorni, Haak, 

Zaitlin, & Bombarely, 2017; Wang et al., 2018). As described previously, however, 

http://f1000.com/work/citation?ids=3624010,6466233,2798546&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=3624010,6466233,2798546&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://paperpile.com/c/aWBKGF/Uyq1+2uLJ
http://f1000.com/work/citation?ids=2912491&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=6415694,2878136&pre=&pre=&suf=&suf=&sa=0,0
https://www.illumina.com/systems/sequencing-platforms/novaseq.html
https://www.illumina.com/systems/sequencing-platforms.html?langsel=/us/
http://f1000.com/work/citation?ids=6450075,3375141,6450077&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=6450075,3375141,6450077&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
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the new sequencing technology has a high error rate per base (>10%). In order to 

correct the errors, the sequencing has to be high coverage (>200x) or be combined 

with short reads from NGS. Moreover, high-molecular-weight DNA extraction is 

required for obtaining long-read lengths and high sequencing yields. Therefore, 

currently available long-read sequencing is not well-suited for large-scale plastome 

sequencing projects, but may outperform short read sequencing on some complex 

genomes with divergent structures, massive repeats and low-complexity sequences, 

etc. 

Assembly 

With the continuous advancements in sequencing technologies, data acquisition is 

no longer a limiting factor in most cases, while data analysis and interpretation pose 

profound challenges. One of the most demanding tasks in today's biology includes 

assembly of the newly sequenced genomes. Genome assembly refers to the 

process of taking a large number of short DNA sequences and putting them back 

together to create a representation of the original chromosomes from which the short 

fragments originated (Figure 5). This is necessary because current sequencing 

technology reads only partial fragments (100bp-100kb) rather than an entire DNA 

molecule (e.g. human chromosome 14, ~90Mb). Depending on the ratio between the 

length of sequence reads and repetitive regions, recovering original sequences can 

be a trivial, complicated, or impossible task. Generally, assembly is highly 

challenging when other factors are also considered, such as polyploidy, sequencing 

data quality and the intensive computing requirements (Fan & Li, 2012). Accurate 

assembly, however, is crucial to downstream data analysis, understanding and 

applications, and has been achieved for tens of thousands of genomes from viruses, 

bacteria and large eukaryotes already reconstructed so far (https://gold.jgi.doe.gov). 

http://en.wikipedia.org/wiki/DNA_sequence
http://f1000.com/work/citation?ids=3979134&pre=&suf=&sa=0
https://gold.jgi.doe.gov/
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Figure 5. General steps in a genome assembly workflow. 

Quality control and preprocessing 

Sequence data is prone to contain base-calling errors, poor quality reads, sequence 

duplicates, and adaptor or other contaminants. These sequence artefacts can lead to 

misassembly, incorrect low-frequency variant calling, or even erroneous conclusions, 

and thus must be corrected or removed before downstream data analysis (Bacci, 

2015).  

Quality control, filtering and adapter-trimming 

FastQC provides a simple way to check raw sequence data and gives a 

comprehensive report of whether the data has any problems of which you should be 

aware prior to subsequent analysis 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Cutadapt is commonly 

https://paperpile.com/c/aWBKGF/opJE
https://paperpile.com/c/aWBKGF/opJE
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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used to remove adapter sequences from raw sequencing reads by comparison to 

adapter sequences that users provide (Martin, 2011). Trimmomatic is a popular pair-

aware adapter trimmer and performs read filtering or pruning via exploiting the 

quality score of each base (Bolger et al., 2014). In contrast, fastp trims adapters 

based on overlap analysis without requiring the adapter sequences used as input. As 

an ultra-fast all-in-one FASTQ preprocessor, fastp offers other functions as well, 

such as quality control, quality filtering and base correction (Chen et al., 2018). 

BBduk, one member of the BBMap suite (https://sourceforge.net/projects/bbmap/), 

can be used for efficiently trimming adapters, filtering contaminants and removing 

low-quality reads using k-mers (nucleotide sequences of a certain length k). 

Error-correction 

While short read sequencing copes with short fragments quite well and has proven 

successful even for degraded herbarium DNA samples, special attention may be 

required during assembly of reads from such samples, such as error correction of 

reads (Twyford & Ness, 2017). Although trimming is often used to discard low-quality 

or erroneous segments, this reduces read length, loses information and likely results 

in coverage bias. Error correction is an alternative solution to correct the erroneous 

segments by replacing poorly covered k-mers with similar, more frequently occurring 

ones (k-mer spectrum based), or clustering and then aligning overlapping reads 

(multiple sequence alignment based) (Heydari et al., 2017). Most error-correction 

tools designed so far, including BayesHammer (Nikolenko et al., 2013) and Musket 

(Y. Liu et al., 2013), have mainly targeted substitution errors, the primary error type 

of data produced by the currently dominant sequencing platform, Illumina. In 

addition, the majority of state-of-the-art assemblers contain built-in modules for error 

correction via analyzing the de Bruijn graph, such as Velvet (Zerbino & Birney, 2008) 

and SPAdes (Bankevich et al., 2012). Note, however, that error correction does not 

consistently or necessarily lead to better assembly results, even though the error-

correction tools almost always correct a significant fraction of sequencing errors, 

given that the correction generally does not take into account the surrounding 

context of the erroneous bases (Heydari et al., 2017).  

https://paperpile.com/c/aWBKGF/ixyN
https://paperpile.com/c/aWBKGF/nBDU
https://paperpile.com/c/aWBKGF/TNM7
https://paperpile.com/c/aWBKGF/t9Nv
https://paperpile.com/c/aWBKGF/nOW4
https://paperpile.com/c/aWBKGF/Ajn2
https://paperpile.com/c/aWBKGF/mMwr
https://paperpile.com/c/aWBKGF/9gho
https://paperpile.com/c/aWBKGF/JF8D
https://paperpile.com/c/aWBKGF/nOW4
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Decontamination or sequence classification  

‘What is in this sample?’ is a common question when we have a set of DNA 

sequences, particularly large ones with contaminated or highly complex 

metagenomic reads. Each sequence is generally assigned to a taxon in the NCBI 

taxonomy by comparing it to a reference database containing microbial, viral, yeast 

or other targets. For instance, identifying contaminant sequences or determining 

their origins at the read level is usually achieved by finding the best alignment to 

known sequences using Basic Local Alignment Search Tool (BLAST) including 

Megablast (Altschul, Gish, Miller, Myers, & Lipman, 1990). BLAST, as the most well-

known program for sequence alignment, is a sensitive tool and tolerates match 

errors due to the inexact alignment strategy implemented, yet BLAST is too slow to 

process the increasing volumes of genome databases and sequencing output. To 

accelerate the identification of the query sequences, an alternative strategy is to 

search for exactly matching k-mers between query and target sequences. Using the 

short exact alignment of k-mers, recently developed taxonomic classification 

programs including state-of-the-art tools Kraken (Wood & Salzberg, 2014) and 

CLARK (Ounit et al., 2015) can assign taxonomic labels to DNA sequences 

hundreds or thousands of times faster than Megablast, with comparable accuracy. 

Kraken establishes an index from all k-mers found in target genomes and assigns 

each k-mer to the least common ancestor (LCA) of all targets sharing that k-mer. 

Then, during the search, Kraken matches the k-mers contained in each query 

sequence to this index and eventually the query sequence is assigned to a taxon 

with most matching k-mers (Wood & Salzberg, 2014). In contrast, CLARK assigns 

query sequences to targets based on reduced sets of k-mers of target sequences 

that are either target-specific or discriminative. The target database, as for Kraken, 

needs to be created in advance by collecting all k-mers of target sequences and then 

removing any common ones between targets. The remaining k-mers, therefore, 

represent genomic regions that uniquely characterize each target as DNA barcodes. 

In the classification, a query sequence is assigned to the target with which the 

sequence contains the highest number of the barcode k-mers (Ounit et al., 2015). It 

is recommended to combine tools in order to decrease false positives even further 

(McIntyre et al., 2017). 

https://paperpile.com/c/aWBKGF/7Bro
https://paperpile.com/c/aWBKGF/lHup
https://paperpile.com/c/aWBKGF/7Bro
https://paperpile.com/c/aWBKGF/lHup
https://paperpile.com/c/aWBKGF/GgmH


 
 

 
           26 

Assembly categories 

Sequence assembly can be basically separated into reference-guided and de novo 

approaches. Reference-guided assembly utilizes an existing genome sequence as a 

backbone during assembly, which is generally effective and can also avoid obvious 

mistakes, provided the two species are closely related. However, reference-guided 

assembly has inevitable drawbacks, leading to biases towards the reference used 

and even assembly errors. For instance, errors in reference sequences can be 

passed down and rearrangements between species can be missed or incorrectly 

assembled. Moreover, these problems multiply rapidly as the divergence between 

the reference and target genomes increases. Hence, reference-guided assembly is 

generally limited to the assembly of other individuals within the same species or of 

other species in the same genus (Lischer & Shimizu, 2017).  

 

De novo genome assembly assumes no prior knowledge of the source DNA 

sequence length, layout or composition, and thus is preferable when possible. The 

goal is to reconstruct long sequences without using a template, thus avoiding being 

misled by a  reference. Furthermore, de novo assembly is essential in the absence 

of a suitable reference, such as nearly all of the initially published genomes. 

However, de novo assembly is rather harder to achieve. In terms of computing 

complexity and run-time, de novo assemblies are orders of magnitude slower and 

more memory-intensive (probably hundreds of gigabytes of memory usage), given 

that the assembly algorithm needs to compare every pair of reads (probably several 

billions of reads). In fact, the computing requirement is often beyond the scope of 

computational resources in small labs. 

 

The quality of an assembly is affected by many factors, including sequencing errors, 

read length and pair information, coverage and distribution, presence of repeats, 

heterozygous variations and the software used. For example, short reads frequently 

cause assembly collapse, errors or gaps around repetitive regions; heterozygous 

regions complicate graph structure and are often split into multiple contigs by current 

assembly algorithms (Fan & Li, 2012). Consequently, assembled sequences may be 

fragmented, incomplete, redundant and erroneous, even in published genomes, 

particularly of large eukaryotes (“A reference standard for genome biology”, 2018). 

http://f1000.com/work/citation?ids=6291140&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=3979134&pre=&suf=&sa=0
https://paperpile.com/c/aWBKGF/J71c
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Recent studies have begun using long reads, Hi-C chromatin mapping data, optical 

mapping, and linked reads to assist in reconstructing chromosome-by-chromosome 

and haplotype-phased assemblies (Belser et al., 2018; Michael et al., 2018; Simpson 

& Pop, 2015; Wenger et al., 2019). Just recently, one study proved it is possible to 

assemble a high-contiguity human genome in less than 2 hours using 30x PacBio 

long reads (Chin & Khalak). However, difficult DNA extraction, high error rate and 

high cost limit the broad use of this approach (Jain et al., 2018; F.-W. Li & Harkess, 

2018; Michael et al., 2018). 

General de novo assembly algorithms 

Several de novo assembly algorithms and software tools have been developed to 

reconstruct genome sequences from a large quantity of short sequence reads. The 

algorithms are normally based on the ‘greedy’ strategy, overlap–layout–consensus 

(OLC) graphs, string graphs or de Bruijn graphs (Figure 6, Simpson & Pop, 2015).  

 
Figure 6. De novo assembly diagram (Simpson & Pop, 2015). (a) A genome and a set of short 

reads; (b) the greedy approach; (c) the OLC graph; (d) the de Bruijn graph; (e) the string graph. 

Greedy 

A greedy strategy begins by joining together the two short sequence reads that 

overlap best, as long as the reads do not contradict the already constructed 

assembly, and then iteratively repeats the same process until no overlapping reads 

are found. The algorithm makes the locally optimal choice at each stage without 

https://paperpile.com/c/aWBKGF/CTNu+GlOt+XJAu+ZtE9
https://paperpile.com/c/aWBKGF/CTNu+GlOt+XJAu+ZtE9
https://paperpile.com/c/aWBKGF/UcVQ
http://f1000.com/work/citation?ids=4930299,5587581,4768207&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=4930299,5587581,4768207&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://academic.oup.com/bfg/article/11/1/25/191455
https://paperpile.com/c/aWBKGF/CTNu
https://paperpile.com/c/aWBKGF/CTNu
https://paperpile.com/c/aWBKGF/CTNu
https://paperpile.com/c/aWBKGF/CTNu
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considering global relatedness between the reads, and thus was named ‘greedy’. As 

a result, the algorithm cannot effectively handle long-range genomic regions 

enriched with repetitive elements, limiting their use only to the assembly of small and 

simple genomes (Simpson & Pop, 2015). Assemblers using this ‘greedy’ approach 

include phrap (http://www.phrap.org/phredphrap/phrap.html), CAP3, SSAKE and 

VCAKE, etc. (Huang & Madan, 1999; Jeck et al., 2007; Warren, Sutton, Jones, & 

Holt, 2007). 

OLC graph-based 

The OLC assembly process contains three main steps: overlap, layout and 

consensus. The strategy starts by identifying and joining the overlapping reads, 

forming a ‘layout’ graph with an appropriate ordering and orientation of the reads, 

and finally finding a consensus sequence from the ‘layout’ graph. In the graph, reads 

and overlaps are represented by nodes and edges, respectively. Ideally, the aim of 

the algorithm is to find a single path traversing through all the reads. The approach, 

however, practically establishes the final sequence contigs without ambiguous 

assembled bases corresponding to multiple separate graphs, due to the 

computational complexity of overlap. Moreover, the approach struggles and is even 

impractical when facing hundreds of gigabases of short read sequences (Simpson & 

Pop, 2015; Wajid & Serpedin, 2016). A prominent assembler of this type is CELERA 

(Myers, 2000). 

String graph-based 

String graph, a variant of OLC algorithm, simplifies the global overlap graph by 

eliminating unnecessary sequences and improves the performance of OLC-based 

approaches using memory-efficient data structures. An example is SGA (String 

Graph Assembler) (Simpson & Durbin, 2012). 

de Bruijn graph-based 

The de Bruijn graph is an anti-intuitive algorithm that proceeds by first breaking all 

reads into much shorter substrings (k-mers) and then using all the k-mers to form a 

graph and finally inferring the genome sequence using this graph. de Bruijn graph 

assemblers also attempt to choose the best path in each graph to give a consensus 

sequence, in which process, the graphs are simplified by removing cycles, bulges, 

http://f1000.com/work/citation?ids=2757287&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=405439,1435297,1433171&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=405439,1435297,1433171&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=2757287,6538110&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=2757287,6538110&pre=&pre=&suf=&suf=&sa=0,0
https://paperpile.com/c/aWBKGF/5bkc
http://f1000.com/work/citation?ids=394378&pre=&suf=&sa=0
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bubbles and tips caused by repeats, sequencing errors and heterozygous sites 

(Nagarajan & Pop, 2013). In contrast to the OLC approaches, the de Bruijn graph 

data structure can computationally efficiently handle a large number of reads through 

avoiding detecting overlaps between every two reads. de Bruijn graph assemblers 

have been broadly utilized for assembling high-depth short-read sequence data, and 

include ABySS (Simpson et al., 2009), Velvet (Zerbino & Birney, 2008), 

SOAPdenovo (Luo et al., 2012) and ALLPATHS (Butler et al., 2008).  

Post assembly and validation 

To determine whether or not the assembly is high quality, or a ‘standard draft’ at 

least, various approaches are often used to describe the completeness, contiguity 

and accuracy, such as comparison of an assembly size and a genome size 

estimated by k-mer analysis or flow cytometry, read support, random clone 

sequencing and universal eukaryotic single-copy gene screen (Parra et al., 2007; 

Simão et al., 2015). 

Plastome Assembly 

In contrast to the assembly of large eukaryotic nuclear genomes or complex plant 

mitochondrial genomes, chloroplast genome assembly might be anticipated to be 

achieved easily. However, it is still challenging to recover original chromosome 

sequences free of gaps and errors for hundreds or even thousands of diverse 

samples. As mentioned previously, the low-coverage whole genome sequencing 

strategy has been recognized as one of the most efficient approaches to obtaining 

chloroplast DNA data. The challenge has changed to developing a data-processing 

pipeline that can automatically assemble chloroplast genomes from short 

sequencing sequences for large numbers of samples (Figure 7). 

http://f1000.com/work/citation?ids=163187&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1006887&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=162676&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=951326&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=162346&pre=&suf=&sa=0
https://paperpile.com/c/aWBKGF/FDwk+WdEk
https://paperpile.com/c/aWBKGF/FDwk+WdEk
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Figure 7. Plastome assembly from short reads. (a) Whole genome skim sequencing; (b) plastid 

read enrichment approaches (c) plastome assemblers or pipelines. 

Enrichment of chloroplast DNA-derived reads  

When total DNA is sequenced, chloroplast reads are mixed with a plethora of reads 

from nuclear and mitochondrial genomes. The first concern here, therefore, is to 

accurately extract chloroplast reads from the total data set, circumventing 

interference of non-plastid reads and reducing computational cost in the downstream 

processes. Currently, there are at least three bioinformatic approaches used to 

enrich plastid reads (Twyford & Ness, 2017). One strategy is reliant on sequence 

similarity to available plastid sequences of close relatives. Plastid reads from 

conservative regions can be mapped to the references using a short-read aligner 

and then collected. The similarity-based approach, however, is likely to miss reads 

from divergent regions and leads to fragmented assemblies, even though loose 

alignment criteria are used. Another option is to extract reads from high-coverage 

regions by counting k-mer frequency, because plastid reads are usually present with 

significantly higher coverage than most nuclear and mitochondrial reads in the read 

pool (Figure 7). However, the k-mer spectrum approach requires vast amounts of 

memory and/or runtime, although the data sets here are generally relatively small 

(Manekar & Sathe, 2018). For instance, the memory peak can reach to over 100GB 

for a data set (<1GB bases) in the k-mer counting process using BBNorm 

(http://seqanswers.com/forums/showthread.php?t=49763). In reality, the first two 

approaches cannot completely and accurately enrich plastid reads due to 

sequencing quality or DNA transfer between the three genomes in plant cells. The 

third approach is to use related or distant reference sequences as seeds to 

iteratively recruit plastid reads from total DNA. Usually, the seed sequences and/or 

the operation for plastid read enrichment have been integrated into assembly 

software or pipelines, like NOVOPlasty (Dierckxsens et al., 2017) and GetOrganelle 

(Dierckxsens et al., 2017; Jin et al.). Note, however, that a suitable seed uniquely 

targeting the plastid genome should be used, otherwise assembly is highly likely to 

be driven in the wrong direction, towards mitochondrial or nuclear genome assembly. 

http://f1000.com/work/citation?ids=6415694&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=6415694&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=6269967&pre=&suf=&sa=0
https://paperpile.com/c/aWBKGF/vzQ7
https://paperpile.com/c/aWBKGF/vzQ7+txGQ


 
 

 
           32 

Plastid genome assembly 

Existing issues  

To obtain a complete plastome de novo, several issues have to be addressed by the 

assembly approaches used. For example, the most prominent structural feature of 

plastomes is a pair of large inverted repeats (>10Kb). Standard short-read 

assemblers cannot cross these long ambiguous regions and thus the assembly has 

to break here. They typically produce three separate contigs representing the 

LSC/SSC/IR regions. Furthermore, plastomes are represented as circular DNA 

structures, a possibility which is also not usually considered by assemblers initially 

designed for linear sequence assembly. Therefore, assembled plastid contigs need 

to be extracted, ordered, oriented and connected to be a single long circular 

assembly, requiring other tools or scripts. Meanwhile, the parameters of the 

assemblers (e.g. k-mer length, coverage expectation cutoff) need to be optimized for 

each plastome assembly. In addition, despite the fact that plastomes are often 

repeat poor, occasional long repeats can cause troubles for nearly all assemblers, 

such as long A/T homopolymer runs close to LSC/IR or SSC/IR boundaries. (Tonti-

Filippini et al., 2017).  

 

Fortunately, several newly released assemblers specifically designed for organelle 

genomes, particularly plastid genomes, can generate circularized and complete 

assemblies from total read data. These include The ORGANELLE ASSEMBLER 

(https://git.metabarcoding.org/org-asm/org-asm), NOVOPlasty (Dierckxsens et al., 

2017), and GetOrganelle (Jin et al.). The programs either use newly designed 

algorithms for assembly, or use a standard assembler as a core engine. Plastid 

sequences from the same, a close or even distant relative are usually used as ‘baits’ 

to ‘fish out’ plastid reads and then assembly proceeds from these seeds by finding 

reads that overlap the reads already incorporated.  

NOVOPlasty 

NOVOPlasty is a user-friendly, lightweight and fast organelle de novo assembler 

based on a seed-extend algorithm, and extracts and assembles organelle genomes 

from total DNA data, starting from a single seed sequence. The algorithm is well-

suited to efficient plastome assembly with rare long repeats, small genome sizes and 

http://f1000.com/work/citation?ids=5406442&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5406442&pre=&suf=&sa=0
https://git.metabarcoding.org/org-asm/org-asm
https://paperpile.com/c/aWBKGF/vzQ7
https://paperpile.com/c/aWBKGF/vzQ7
https://paperpile.com/c/aWBKGF/txGQ
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small data sets but high-copy plastid reads evenly distributed over the whole 

plastome. In some cases, the entire assembly process only takes several minutes to 

obtain a circular high quality contig with memory consumption less than 16GB 

(Dierckxsens et al., 2017). This program has already been widely used by the 

scientific community as evidenced by 367 citations (Accessed 02 October 2019). 

The ORGanelle ASseMbler 

The ORGanelle ASseMbler (ORG.asm; 

https://docs.metabarcoding.org/asm/index.html) is an organelle assembler based on 

a de Bruijn graph representation of the ongoing assembly. Similar to NOVOPlasty, 

the assembler extracts plastid reads by aligning a set of seeds to the total reads. The 

stack graph is later iteratively built, extended, cleaned and refined until no more new 

matching reads can be extracted. It is reported the software has successfully 

recovered complete chloroplast genomes for 70% of the 3,000 genomes in the 

PhyloAlps project (Coissac et al., 2016). 

GetOrganelle 

GetOrganelle (Jin et al.) is a pipeline for de novo organelle genome assembly using 

total DNA data, and is similar in its use of seed-based baiting strategy as above, but 

also uses a standard assembler, SPAdes (Bankevich et al., 2012). The pipeline 

starts by identifying initial plastid reads using sequences from the targeted organelle 

as seeds and then uses the identified reads as baits to get more plastid-like reads 

iteratively until there are no more new reads identified. The enriched reads are then 

de novo assembled through SPAdes with gradient k-mer sizes. Contigs are further 

filtered and refined by their connections, coverage and alignments to reference 

sequences. With k-mer analysis used in read extraction and SPAdes assembly 

independently, the pipeline requires more computational resources and runs more 

slowly than Novoplasty or ORG.asm, which may limit its use in large-scale projects. 

However, the simplified fastg file can be visualized and edited through Bandage 

(Wick et al., 2015) to further improve the assembly, which is particularly useful for 

some complex genomes with multiple repeats. 

While the organelle-specific assemblers are the most direct means to produce a 

circularized complete assembly, standard assemblers probably outperform them 

when sequencing is low-quality, plastid read coverage is low, and/or the plastome 
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contains a high content of repeats. Despite still struggling with these issues, 

standard assemblers still produce un-scaffolded contigs, at least. In contrast, the 

organelle-specific tools tend to aggressively extend a contig or produce nothing. The 

best solution, therefore, is to combine both approaches in assembly of large-scale 

sample sets. 

Post plastome assembly and validation 

Many assemblers are likely to produce multiple contigs that need to be filtered to 

keep only plastid contigs based on sequence alignment with a reference sequence. 

Moreover, the identified plastid contigs including the inverted repeats, have to be 

reconstructed, ordered and oriented, which can be dependent upon the same 

alignment. Overlaps between fragments also need to be checked for and removed if 

they exist, otherwise the ambiguous nucleotide ‘N’ is generally introduced to denote 

gaps (Tonti-Filippini et al., 2017). At this point a single and possibly circular contig 

has been constructed. Assessment and further automated or manual improvements 

may be performed, such as filling the remaining gaps, checking or correcting 

assembly errors by inspecting read support and/or comparing with closely related 

plastomes.  

 

Genome assembly is a difficult challenge and thus no assemblers are guaranteed to 

perfectly reconstruct the original genome from short reads. It is recommended to use 

multiple tools for the same dataset to cross-check the consistency between versions 

and validate the final assembly (Simpson & Pop, 2015).  

Annotation 

The raw assembled sequences provide little insight into biological interpretation of 

the genome. To be meaningful, the sequences have to be converted into useful 

biological knowledge. Hence, the first and most important step in decoding a 

genome is ‘genome annotation’, a term referring to two distinct processes: structural 

genome annotation and functional genome annotation (Figure 8). Structural 

annotation is to identify genes, their intron-exon structures and other regulatory 

elements. Functional genome annotation is the process of determining what the 
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elements do, and attaching biological information to them (Mudge & Harrow, 2016; 

Yandell & Ence, 2012).  

 
Figure 8. Feature diagram and general annotation workflow. 

While more genomes are being sequenced, our ability to accurately predict genes in 

these genomes has lagged considerably behind. For example, Genscan, widely 

used for many years, only accurately predicted 10% of known ORFs on the entire 

human genome (Burge & Karlin, 1997). At present, many challenges of gene 

prediction remain, although early computational gene prediction tools were released 

publicly around two decades ago. The challenges involve gene boundaries, 

alternative splice isoforms, overlapping genes, non-coding RNA genes, 

pseudogenes, promoters and other regulatory signals, and the unfamiliar nature of 
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many new genomes with little experimental data and/or fragmented assemblies 

(Sleator, 2010). 

Repeat sequence identification 

When assembled sequences are ready for annotation, the step prior to gene 

prediction is often repeat identification. Repeats are sequence motifs repeated 

hundreds or thousands of times throughout the genome. According to their 

structures and/or transposition mechanism, repetitive elements are assigned to two 

primary classes: tandem repeats and transposable elements (TE) (Yandell & Ence, 

2012). In most plastomes, long tandem repeats and TE are rarely found, but in our 

study, we found short repeats can still cause troubles to plastome assembly and 

annotation in certain taxa with high repeat content (Goodenia, Scaevola, Cyperus, 

Bulbostylis, Fimbristylis; see details in Chapter 2). Plastome repeats are usually 

identified using REPuter (Kurtz et al., 2001) or its variant Vmatch 

(http://www.vmatch.de), and simple sequence repeats (SSRs) can be detected using 

MISA (http://pgrc.ipk-gatersleben.de/misa/). 

General gene prediction 

Gene prediction mainly consists of ab initio gene prediction and alignment-based 

gene prediction (expressed-evidence-based, or homology-based) (Figure 8; Yandell 

& Ence, 2012). Present-day genome annotation projects are usually small-scale 

affairs and normally carried out by an individual laboratory using automatic methods 

with limited manual annotation. 

Ab initio gene prediction 

Ab initio gene predictors utilize statistical models of intrinsic gene features to classify 

the whole target genome to be coding or noncoding regions and group the related 

regions to be exon-intron structures. The features refer to splice sites, start codon, 

codon usage, GC content, nucleotide composition, intron and exon length 

distribution, etc. In principle, a single perfect ab initio program identifies all genes. 

These tools, however, face several big challenges. First, training on a new genome 

in the absence of pre-existing reference gene models is necessary, unless the 

genome under study is closely related to model genomes, namely, Arabidopsis 
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thaliana, Oryza sativa, Homo sapiens, Caenorhabditis elegans, Drosophila 

melanogaster. There is also likely to be a lack of high-quality genes from the new 

genome used for the training. Not surprisingly, ab initio gene predictors that are 

poorly trained or trained on a different genome from the target can only correctly 

identify <10% of genes (Korf, 2004). Second, the tools only predict a single most 

likely open reading frame (ORF) as the representative at a gene locus, without 

untranslated regions (UTRs) or alternatively spliced transcripts (Yandell & Ence, 

2012). In short, ab initio gene prediction is a complex and error-prone task, though 

sometimes it is light-weight and relatively user-friendly. The ab initio gene finders 

include, but are not limited to, Genscan (Burge & Karlin, 1997), Augustus (Keller, 

Kollmar, Stanke, & Waack, 2011), SNAP (Korf, 2004), and GlimmerHMM (Majoros, 

Pertea, & Salzberg, 2004). 

 

Alignment-based gene prediction 

Empirical gene approaches identify genes on the target genome that are similar to 

extrinsic evidence through sequence alignment tools such as BLAST (Camacho et 

al., 2009) or BLAT ( BLAST-like Alignment Tool ) (Kent, 2002). The extrinsic 

evidence can be full-length cDNA sequences, expressed sequence tags (ESTs), 

RNA-seq reads, protein products and orthologous sequences of (closely) related 

well-annotated species (Mudge & Harrow, 2016). It is relatively trivial to derive an 

exon-intron boundary when cDNA sequences are available for comparison, but 

these are not always available. In contrast, other types of evidence can be difficult to 

use, given short lengths, partial coverage, large-scale datasets, high computational 

complexity and cost. Moreover, alignment tools can only identify approximate 

regions of homology and generate a great number of matches that may be partial 

and inexact. These matches have to be filtered before the remaining long exact 

matches can be clustered at the same genomic locus. The identified candidate and 

its corresponding highly similar sequences are generally realigned to improve 

accuracy at splice sites with splice-site-aware alignment tools, such as GeneWise 

(Birney, Clamp, & Durbin, 2004) and Exonerate (Slater & Birney, 2005). 
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RNA-seq 

High-throughput RNA-seq has revolutionized transcriptomics and gene annotation, 

and theoretically allows for a complete annotation of splice sites, alternative spliced 

transcripts and transcription start/end sites. In addition, RNA-seq data is most likely 

to be the main empirical evidence for newly sequenced genomes of phylogenetically 

isolated organisms (Shoguchi et al., 2013). However, as RNA-seq reads are short 

(<200bp), relatively erroneous and distributed unevenly, analysing the data is 

challenging and requires robust computational tools. In general, there are two steps 

in the processing: mapping/alignment and transcript reconstruction (Garber, 

Grabherr, Guttman, & Trapnell, 2011). The short reads can be first mapped back to 

the genome using splice-aware aligners, such as hisAt (Kim, Langmead, & Salzberg, 

2015), STAR (Dobin et al., 2013) or BBMap (https://jgi.doe.gov/data-and-

tools/bbtools/bb-tools-user-guide/bbmap-guide/). The alignment, with junction reads 

indicating exon borders, is then used to infer transcript structures using Cufflinks 

(Trapnell et al., 2010) or StringTie (Pertea et al., 2015). However, the genome-

guided reconstruction tools may merge reads from similar genes in the immediate 

vicinity created by tandem duplications. Alternatively, the reads can be first 

assembled de novo into transcript contigs using Trinity (Grabherr et al., 2011), 

SOAPdenovo-Trans (Xie et al., 2014) or Bridger (Chang et al., 2015), etc. These 

contig sequences can then be aligned back to the target genome. The de novo 

transcript assembly is also difficult and error prone, owing to multiple isoforms, 

paralogous genes and requires considerable computational resources. As for 

genome assembly, the complications will likely diminish or even disappear with the 

advance of long-read sequencing techniques allowing for sequencing of whole or 

near-whole isoforms without assembly (Nudelman et al., 2018; Pollard et al., 2018). 

Finally, note that transcript reconstruction does not directly predict the coding region 

of the transcript or even whether it encodes a protein, which requires additional 

processes. 

Whole genome alignment (WGA) for annotation 

At present, homology information is used to predict protein-coding genes mainly 

through two strategies: protein-spliced alignment and comparative gene finding (Hoff 

& Stanke, 2015). The latter exploits homology not only of conserved exons/features 

but also of the context around them (e.g. the neighbouring intron or UTR) by aligning 
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two or more genome sequences of closely related species. The strategy improves 

prediction of short exons and exon boundaries in conserved regions. In contrast, it is 

fairly difficult to align and identify short exons based on protein spliced alignment, 

even though the nearby regions are highly conserved. For example, some exons 

contain less than four codons, which is nearly impossible to detect using even the 

sensitive aligner, BLAST (König et al., 2018). 

 

Most WGA works in the following way: do local alignments, remove spurious 

alignments, identify homologous blocks and refine these blocks to be useful synteny 

blocks (Armstrong et al., 2018). WGA can be used to determine conservation at the 

nucleotide level between two or more genomes, and thus WGA are of value for 

genome annotation. WGA, however, is unusually challenging and even impractical 

owing to the size and complexity of eukaryotic nuclear genomes. For instance, 

genome recombination (e.g. rearrangement, segmental duplication, gain and loss) 

and computing performance need to be taken into account by WGA tools, such as 

those capable of pairwise alignment (e.g. MUMmer (Marçais et al. 2018), LastZ 

(Bakker et al., 2016)), or multiple alignment (e.g. MULTIZ (Blanchette et al. 2004), 

Mugsy (Angiuoli and Salzberg 2011), Mauve/progressiveMauve (Darling et al. 2010), 

Cactus/ProgressiveCactus (Paten et al. 2011)). 

Comparative gene prediction 

High-quality WGA can be used to predict genes in a single target genome, multiple 

genomes simultaneously, or project existing trusted annotations from one genome to 

another. These increasingly important approaches are more accurate than the 

previous ones based on protein-spliced alignment, when the genomes share a 

reasonable degree of sequence similarity. The available software/pipelines generally 

combine a gene finding tool with information from WGA , such as TWINSCAN (Flicek 

et al., 2003), N-SCAN (Gross & Brent, 2006), CONTRAST (Gross et al., 2007), 

AugustusCGP (König et al., 2016) and Comparative Annotation Toolkit (CAT) 

(Fiddes et al., 2018). 

TWINSCAN uses patterns of conservation between a reference genome and a target 

genome to assist in identifying coding regions, splice sites and other signal 

sequences. As the tree of life is being populated with more sequenced genomes, 
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there is a need for comparative gene finders that can utilize more than one informant 

genome. N-SCAN, descended from TWINSCAN, allows the prediction of genes 

using two or more reference genomes. CONTRAST is the most distinctive in utilizing 

a discriminative support vector machine (SVM) and a conditional random field (CRF), 

providing a big boost over traditional HMMs (Hidden Markov Models) and improving 

the prediction accuracy from 10-35% to 65% for the human genome. These 

pioneering works, however, are rather proof-of-concept and the tools are rarely used 

for current whole genome annotation. The biggest reason may be that these tools 

require end users to perform an elaborate parameter training step for every genome 

in the alignment, leading to a run-time that scales quadratically with the number of 

genomes. 

Using a novel approach, AugustusCGP can predict protein-coding genes 

simultaneously in all input genomes, and only requires one representative to be 

trained and runtime scales linearly with the number of genomes. AugustusCGP 

collects homology evidence identified by calculating the ratio of non-synonymous 

and synonymous substitutions (Ka/Ks ratio) in candidate exons, and then 

incorporates the evidence for improving or verifying the candidates. In addition, 

AugustusCGP can make use of existing annotations of one or more genomes in the 

alignment as strong hints to guide gene prediction on the target genome, which is 

known as annotation transfer (König et al., 2016). 

Comparative Annotation Toolkit (CAT) (Fiddes et al., 2018) is a comparative 

annotation pipeline that inputs whole genome alignments as well as a high-quality 

annotation of one genome in the alignment, and outputs annotations on all target 

genomes chosen. The pipeline combines Augustus including AugustusCGP with 

TransMap projections (Stanke et al., 2008) through whole genome alignment 

produced in advance by progressiveCactus (Armstrong et al.), to generate a gene 

set for each target genome simultaneously and consistently. 

The above approaches have been mainly tested on the genomes of model species, 

namely, human, rat and Drosophila. To improve practical performance, these 

approaches need to overcome the following problems: bias towards existing 

annotations, limitations on the phylogenetic distance from model species, inability to 

predict non-protein-coding genes, alignment errors, and so on (Brent, 2008). 
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Combine or choose the best gene model 

In recent years, the above approaches have been used to complement one another 

and have been developed to be a hybrid or even an automated annotation pipeline. 

For instance, evidence-driven gene prediction incorporates external evidence into ab 

initio tools (e.g. Augustus and SNAP) to improve the accuracy of ab initio gene 

prediction. The extrinsic information can be spliced alignment of RNA-Seq reads and 

protein sequences, or protein multiple sequence alignments. Meanwhile, RNA-seq 

reads can also be integrated into homology-based gene prediction for refining 

homologous genes models, such as GeMoMa (Keilwagen, Hartung, Paulini, 

Twardziok, & Grau, 2018). Furthermore, automated annotation pipelines combine 

these gene prediction approaches and then synthesize diverse evidence into 

consensus gene models, such as MAKER2 (Holt & Yandell, 2011) and BRAKER2 

(Hoff, Lange, Lomsadze, Borodovsky, & Stanke, 2016). In addition, the evidence is 

often combined into final models that best represent these overlapping predictions 

on each gene locus through using a ‘chooser algorithm’, such as EVM (Haas et al., 

2008) and GLEAN (Elsik et al., 2007).  

Review and assessment 

Gene model predictions can be obtained relatively easily using computational 

approaches, but they are prone to errors. Although manually reviewing and curating 

computational prediction is time-consuming and resource-intensive, it is still 

recommended when possible. All available evidence and the finally defined gene 

prediction can be displayed simultaneously by visualization tools (e.g. Web Apollo 

(Lee et al., 2013), Geneious (https://www.geneious.com)) and then inspected 

visually and edited. Additionally, various quantitative approaches can be used for 

roughly assessing annotation quality independently, such as the percentage of the 

final gene structures supported by RNA-Seq data, the percentage of translated 

proteins with functional prediction, the percentage of core eukaryotic genes present, 

etc (Simão, Waterhouse, Ioannidis, Kriventseva, & Zdobnov, 2015). 

Gene function prediction 

‘Functional’ genome annotation is the process of assigning biological roles to 

‘structural’ annotation, which is usually carried out by computational prediction, such 
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as homology-based methods, sequence motif-based methods, gene family clustering 

and co-expression methods, etc. Homology-based methods are done by aligning 

predicted protein sequences to the known ones from protein databases including 

UniProtKB/SwissProt (UniProt Consortium, 2018) and ‘Kyoto encyclopedia of genes 

and genomes’ (KEGG) (Kanehisa, 2000). Domains/motifs, important sites, or gene 

ontology (GO) terms can be identified or assigned using a single tool, InterProScan 

that combines different methods and databases including Pfam, PROSITE and 

SignalPHMM, etc (Mitchell et al., 2019). 

Non-coding gene/feature prediction 

non-coding RNA (ncRNA) 

Genome annotation aims to detect and label all relevant features on a genome 

sequence. This at least includes coordinates of predicted coding regions and their 

putative products, but also ncRNAs, regulatory elements and so on. An unexpected 

finding is that most of even the largest genomes are transcribed at some level, while 

only a small portion (2-25%) of the genomic space encodes proteins (D. Liu et al., 

2017). It is commonly believed that these transcripts contain a wealth of functional 

ncRNAs. ncRNA is an RNA molecule that is not translated into a protein but is useful 

in regulating a variety of biological processes as a structural, catalytic or regulatory 

RNA. Based on the molecular structure and function, typical ncRNAs can be 

grouped into the following categories: ribosomal RNAs (rRNAs), transfer RNAs 

(tRNAs), small nuclear RNA (snRNA), small nucleolar RNAs (snoRNAs), microRNAs 

(miRNAs), small interfering RNAs (siRNAs), long ncRNAs (lncRNAs), circular 

ncRNAs (circRNAs), etc. Different classes of these ncRNAs refer to different 

functions: protein synthesis (rRNA, tRNA), gene expression regulation (miRNA, 

siRNA) and RNA maturation (snRNA, snoRNA) (Palazzo & Lee, 2015). 

 

While protein-coding genes have been relatively well-annotated in sequenced 

genomes, it remains difficult to distinguish between authentic ncRNA genes, 

spurious transcription and poorly conserved short protein-coding genes, with the 

exception of rRNA and tRNA. rRNAs are well conserved between different species 

and readily identified by sequence similarity using BLAST alone. In comparison with 

their precursor sequences, the secondary structures of many ncRNAs tend to be 
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more conserved. For instance, a highly selective tRNA covariance model, used by 

tRNAscan-SE (T. M. Lowe & Eddy, 1997; Todd M. Lowe & Chan, 2016) and 

ARAGORN (Laslett & Canback, 2004), was proven to be both sensitive and specific 

in tRNA detection. In the plastome, rRNA and tRNA genes are almost always 

present but other functional ncRNAs are still hypothetical, despite the application of 

deep sequencing technology. It remains uncertain whether various observed 

ncRNAs are derived from de novo transcription of the plastome or from degradation 

products of the organelle transcriptomes (Rurek 2016). Additional experiments and 

computational analysis are critical to confirm the provenance and function ncRNAs in 

chloroplasts. 

Pseudogenes  

Pseudogenes are non-functional genomic regions that are either not expressed, or 

do not encode functional proteins, but are derived from and resemble known genes. 

Any gene can become a pseudogene following a variety of disabling mutations (e.g. 

premature stop codons or frameshifts). Though new pseudogenes possess gene-like 

structures and characteristics, they gradually degrade and lose this gene-like 

appearance in the absence of evolutionary selection for function. Pseudogenes 

complicate the annotation of features in the genome and it is often not trivial to 

determine whether a gene is functional or non-functional. It was reported that there 

are up to tens of thousands of putative pseudogenes in plant nuclear genomes (J. 

Xie et al., 2019), but few systematic studies of plastome pseudogenes have been 

conducted. Pseudogenes are clearly present in the plastomes of carnivorous and 

parasitic plants with (mixo-) heterotrophic lifestyle. For instance, several genes 

including trnK, clpP1, ycf1 and ycf2 were recognized as pseudogenes within some 

Droseraceae species because they are not conserved (Nevill et al., 2019). The 

annotation challenge can cause misidentification of functional genes as 

pseudogenes and result in inaccurate conclusions about their molecular evolution, 

such as matK in Orchidaceae (Barthet et al., 2015). Here, the matK gene, an 

essential splicing factor in the plastid, was previously described as a pseudogene in 

many photosynthetic orchid species, because of the presence of frame-shift 

mutations leading to apparent premature stop codons as well as a high rate of 

nonsynonymous substitution. The recent finding (Barthet et al., 2015), however, 

identified an out-of-frame alternative ‘AUG’ start codon upstream from the original 
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incorrect one and confirmed the newly defined matK genes are expressed and 

functional. 

Plastome annotation 

Current status 

Similar to plastome assembly, plastome annotation has not attracted many 

bioinformatics algorithm experts to develop novel methods over the past 20 years. 

One likely reason is that early manual or semi-automated approaches still work, 

though with numerous problems. Another is the difficulty of developing new 

approaches that can solve the daunting issues that exist. However, the situation has 

to be improved, given that current large-scale projects urgently require a fast, 

automated and accurate approach. 

Issues with released annotation 

It is well-known that GenBank is fraught with errors in annotation, even for well-

studied organisms. Apparent annotation errors can be easily found in the Organelle 

Genome Resources of NCBI RefSeq 

(https://www.ncbi.nlm.nih.gov/genome/organelle/), such as unexpected truncations 

or extensions of exons, known genes missed, mis-assignments of coding strand, 

hypothetical ORFs annotated as functional genes and tRNA genes with an incorrect 

anticodon, etc (Figure 9). Moreover, inconsistent or erroneous naming, though it is 

not a purely technological problem, can cause trouble or even mislead comparative 

analysis. For example, using programs to parse GenBank files is a basic operation in 

dry labs, but it is almost impossible to extract all features by a single light-weight 

program, due to the messy nomenclature. The problematic annotations of previously 

released genomes can poison every experiment that tries to take advantage of them. 

Worse still, the ‘poison’ combined with newly generated errors may spread out of 

control when the bad annotation is unknowingly utilized to annotate new genomes. 

Hence, it is urgent to correct the errors and standardize gene names for all available 

plastomes.  
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Figure 9. Examples of incorrect annotations of the Arabidopsis thaliana plastome. The two lanes 

represent two versions respectively: AP000423.1 and NC_000932.1. The NC_000932.1 record in NCBI 

RefSeq database has been reviewed and curated by NCBI staff but the reference sequence was derived 

from the original GenBank submission AP000423, thus the genome sequence is identical, only the 

annotation differs. (a) incorrect start codon of matK in AP000423.1. Multiple ‘ATG’ exist in the adjacent 

region; (b) incorrect start codon of psbC in NC_000932.1. ‘GTG’ has been proven to be the start codon 

by wet lab work (Kuroda et al., 2007); (c) mis-assignment of coding strand of trnS-UGA in AP000423; 

(d) incorrect start codon of ndhD in AP000423.1. RNA-editing alters the ‘ACG’ to be ‘AUG’ here; (e) rrn5 

rRNA gene is missed in NC_000932.1; (f) one exon of ycf3 is missed in AP000423.1; (g) a hypothetical 

ORF is annotated in AP000423.1. 

The impact of RNA-editing on annotation 

RNA editing is a molecular process through which specific nucleotides within 

genome-encoded transcripts are modified, including substitutions, insertions and 

deletions. In plants, RNA editing primarily occurs in both organelles: plastids and 

(a)

(b)

(c)

(d)

(e)

(f )

(g)

https://www.ncbi.nlm.nih.gov/nuccore/AP000423
https://paperpile.com/c/aWBKGF/3UJC
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mitochondria, including C-to-U exchanges commonly found in nearly all land plants 

and reverse U-to-C conversions in some taxa (e.g. hornworts, lycophytes and ferns) 

(Takenaka et al., 2013). RNA editing events happen in not only translated regions of 

mRNA, but also 5′- and 3′-untranslated regions, introns and non-coding RNAs. RNA-

editing usually restores the function of the corresponding protein or acts on splicing 

and translation efficiency via altering affected nucleotides to be more similar to those 

present at the respective positions of orthologous genes (Lu, 2018). For instance, 

RNA editing is able to alter amino acid codons, introduce start and stop codons, or 

even change stop codons to translational codons (Figure 10). As a result, the mature 

RNA specifies a different amino acid than that encoded by the genomic DNA, and 

the final ORFs can not only become different from those originally encoded by the 

genome but can also be extended or shortened. Unsurprisingly, RNA editing, 

creation/removal of start and stop codons in particular, is a big challenge for most 

automated annotation tools that generally arbitrarily seek start and stop codons to 

predict ‘complete’ ORFs at the genomic level (Figure 10). Meanwhile, RNA-editing 

makes the distinction between functional genes and pseudogenes much more 

difficult, as premature stop codons are often used as a sign of a pseudogene but 

may be converted to other codons by editing of the transcript. Without transcript 

sequence data, it is almost impossible to be sure of the identity of the genes with 

RNA editing sites: functional genes, pseudogenes or highly variable genes. 

Therefore, the impact of RNA-editing on gene prediction needs to be considered 

during the annotation process, particularly for the clades with hundreds or thousands 

of RNA editing sites, such as hornworts, lycopods and ferns (Takenaka et al., 2013). 

 

  
Figure 10. Examples of RNA editing events in plant plastids. 

Some other ongoing challenges are specifically related to plastome genes, such as 

the extremely short exons of petB and petD, unusual intron splice sites, unusual start 

codons (e.g. GTG), trans-spliced transcripts (e.g. rps12). In addition, the vast 

majority of available computational approaches (see below) provide only a web-

https://paperpile.com/c/aWBKGF/TfQi
https://paperpile.com/c/aWBKGF/VIUr
https://paperpile.com/c/aWBKGF/TfQi
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based service which is incompatible with high-throughput projects. Currently, 

plastome annotation requires considerable extra expert examination to manually 

verify and correct the automated annotation, which is tedious, time-intensive and 

easily leads to errors.  

Existing computational tools for plastome annotation  

DOGMA 

Dual Organellar GenoMe Annotator (DOGMA, http://dogma.ccbb.utexas.edu), is a 

web-based package for (semi-)automatic annotation of organellar genomes that was 

developed in 2004 and has been utilized to annotate most chloroplast genomes 

available in GenBank (Wyman, Jansen, & Boore, 2004). DOGMA identifies genes by 

using BLAST to search against a custom database. For chloroplast genomes, the 

database was created with 16 complete chloroplast genomes of green plants. To 

predict protein coding genes, the target genome is translated in all six reading 

frames and queried against amino acid sequences in the database, whereas rRNAs 

and tRNAs are queried against nucleotide sequences. DOGMA, however, has 

several limitations beyond the restriction of a web-interface. First, the annotation 

pipeline of DOGMA is on the basis of the local sequence similarity search tool 

BLAST, which can only identify approximate regions of putative exons and cannot 

explicitly detect gene and/or exon ends. Consequently, users have to manually verify 

or correct exon-intron borders and choose the start and stop codons for protein 

coding genes and the termini for tRNA and rRNA. Secondly, DOGMA makes 

systematic errors with many genes, particularly those with short exons with less than 

10 nucleotides. Lastly, the custom database was built directly using datasets in 

GenBank, some of which are now known to contain annotation errors. 

CPGAVAS & CPGAVAS2 

Chloroplast Genome Annotation, Visualization, Analysis, and GenBank Submission 

(CPGAVAS) is an integrated chloroplast genome annotation web application 

developed in 2012 with diverse additional functions besides annotation, such as 

visualization and preparation for GenBank submission (C. Liu et al., 2012). The 

server predicts protein-coding and rRNA genes by identifying and mapping of the 

most similar, full-length protein, cDNA and rRNA sequences to the target genome by 

http://f1000.com/work/citation?ids=837069&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=6666421&pre=&suf=&sa=0
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BLASTX and protein2genome, est2genome and BLASTN software, respectively. 

The final gene annotation integrates the results and chooses the best as the 

representative for each gene locus. In fact, the software design is similar to Maker2, 

a leading pipeline for nuclear genome annotation (Holt and Yandell 2011). 

CpGAVAS predicts tRNA genes using tRNAscan and ARAGORN. Like DOGMA, 

CpGAVAS relies on a database of pre-existing gene sequences and GenBank 

annotations, but CpGAVAS uses additional, more recent and higher quality data. 

Although CpGAVAS is relatively user-friendly for annotating a single chloroplast 

genome, it is not suited for annotating hundreds or more samples. Moreover, it still 

suffers from systematic mistakes due to existing annotation errors in published 

genomes incorporated into its database.  

 

Most recently, CPGAVAS was upgraded to be CPGAVAS2 with several intriguing 

new functionalities, including a 43-plastome reference dataset curated based on 

mapping of RNA-seq data and multiple sequence alignment, and two novel 

algorithms designed specific to accurately annotate small exons or trans-spliced 

transcripts (L. Shi et al., 2019). The study found that the 50 nt long 5′ untranslated 

regions (UTR) of all three genes petB, petD and rpl16 with small exons (also the first 

exon here) are highly conserved, at least at family level. The first algorithm called 

‘Identifying Small Exons based on Conserved 5′UTR Sequences (ISECUS)’ extracts 

coding sequence (CDS) of the small exons and the 5′ UTR sequences from 

reference genome together, aligns them to a target genome using BLAST and finally 

finds the small exon at the 3’ end based on its expected length. To address the 

challenge of annotating the trans-spliced gene rps12, another algorithm called 

‘Identify Trans-splicing Gene by Individual Exons (ITGIE)’ first deals with the 

dispersed exons as general exons and then joins them together. However, manual 

curation is still recommended by the developers. 

GeSeq 

GeSeq was designed for the rapid and accurate annotation of plant organelle 

genome sequences, chloroplast genomes in particular (Tillich et al., 2017; 

https://chlorobox.mpimp-golm.mpg.de/geseq.html). GeSeq annotates novel 

chloroplast genomes by comparing them against reference sequences using BLAT, 

an alignment program that copes well with exon-intron boundaries (Kent, 2002). 

http://f1000.com/work/citation?ids=1341447&pre=&suf=&sa=0
https://paperpile.com/c/aWBKGF/hVxf
http://f1000.com/work/citation?ids=4853045&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4853045&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=511179&pre=&suf=&sa=0
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More specifically, protein-coding genes are annotated by translated BLAT, and RNA-

coding genes and DNA features by standard BLAT search. These references can be 

in-built reference sequences, the most appropriate one from the NCBI RefSeq 

database, and/or references uploaded by the user. Furthermore, the high-quality 

manually curated reference sequences have been converted to be a profile hidden 

Markov model (profile HMM) for a more sensitive approach based on profile HMMs 

(Wheeler & Eddy, 2013). tRNAscan-SE and ARAGORN are also used to predict 

tRNA genes. Therefore, it is possible to achieve higher annotation accuracy by 

comparing and verifying annotations generated independently by the above different 

approaches and references. As the developers mentioned, however, GeSeq suffers 

similar problems to DOGMA and CpGAVAS, and cannot detect extremely short 

exons, resulting in the necessity of a final manual curation. 

Verdant 

Verdant provides a web-based environment for visualization, annotation, 

manipulation, alignment and phylogenomic analysis of whole chloroplast genomes 

(McKain et al. 2016; http://verdant.iplantcollaborative.org/plastidDB/#). annoBTD, the 

core component of Verdant, attempts to deal with difficult problems of plastid 

genome annotation and promises accurate annotation without manual intervention. 

annoBTD comprises three main steps: 1) de novo ORF search; 2) select the best 

reference for each ORF, tRNA and rRNA; 3) exon boundary resolution. In the first 

step, the ORF de novo identification is done to sensitively detect all ORFs longer 

than 17 nucleotides. In contrast, alignment-based approaches generally only identify 

partial homologous segments of highly variable long genes, such as ycf1, ycf2 and 

rpoC2. Using BLAST, the identified ORFs are then aligned against references from 

the five most closely related species automatically determined through the taxonomic 

hierarchy. The alignment process is only to choose the best reference for putative 

ORFs and provide feature names. In finishing the annotation, both the conservation 

of sequence and feature position are used to refine gene/exon boundaries. For 

instance, the large exons of petB or petD are identified first and then the expected 

position of the short exons is estimated based on their respective reference genes. 

The sequence of the reference feature is utilized to search for exact matches around 

the estimated region on the target sequence. To improve exon boundary resolution, 

the number of residues outside the first match of amino acid triplets between ORF 

http://f1000.com/work/citation?ids=1006907&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=6678875&pre=&suf=&sa=0
http://verdant.iplantcollaborative.org/plastidDB/
http://f1000.com/work/citation?ids=6678875&pre=&suf=&sa=0
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and reference is used to adjust the original boundaries. While the novel algorithm 

does not need an exact boundary match, it does require high conservation at the 

position, and any insertion or deletion can cause problems. Yet, its accuracy remains 

unclear and the application is advised by the developers as a complementary tool to 

GeSeq. 

PGA 

Plastid Genome Annotator (PGA) is a command-line tool and can perform rapid and 

accurate annotation (Qu et al., 2019). To refine exon boundaries initially determined 

with BLAST alignment, two boundary detection algorithms were created, Gene 

Boundary Detection Algorithm (GBDA) and Intron Boundary Detection Algorithm 

(IBDA). Similar to the above described algorithms of Verdant in improving exon 

boundary annotation, an exact match close to one end of a high-scoring segment 

pair (HSP) is found and then the precise boundary on the target genome is identified 

based on position conservation. Likewise, these algorithms hypothesize that the 

CDS of small exons are highly conserved and careful review of a few annotations is 

still highly recommended. 

AGORA 

Annotator for Genes of Organelle from the Reference sequence Analysis (AGORA) 

is a web application for organellar gene annotation based solely on BLAST 

homology search (Jung et al., 2018). AGORA is fast, user-friendly and lightweight. 

However, there are no additional novel algorithms to overcome the existing issues 

here, though the developers declared that AGORA is able to annotate genes of both 

chloroplast and mitochondria for various organisms from a wide range of taxonomic 

groups. 

 

In conclusion, none of the existing tools can provide submission-ready annotation 

and all require additional manual curation, although newly developed approaches 

have improved current annotation technology through using high-quality references, 

non-coding sequence conservation and position conservation. 

https://paperpile.com/c/aWBKGF/BWWX
https://paperpile.com/c/aWBKGF/Wcj0
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Other genes/features on plastome 

Most plastid genome annotations have only focused on coding genes, but paid 

insufficient attention to other sorts of intriguing features, e.g. sRNA loci, UTRs, 

processing sites, ribosome binding sites, editing sites, promoters, transcript initiation 

sites etc. Currently, none of the tools mentioned above can identify these features 

and few plastomes of over 4000 available accessions in GenBank contain such 

annotations, although several pioneering studies have attempted to change this 

status or at least have pointed out the issue. For instance, one study detected 

dozens of small RNAs and explored their potential regulatory roles within 

chloroplasts by mining small RNA deep-sequencing datasets and performing 

comparative genomics analysis (Ruwe & Schmitz-Linneweber, 2012).The study 

shows that sRNAs are footprints of RNA binding proteins (e.g. pentatricopeptide 

repeat (PPR) proteins) protecting the chloroplast transcripts against exonucleolytic 

degradation. In theory, such regulatory cis-elements should be identifiable through 

comparative genomics approaches, given they have high conservation relative to 

surrounding sequences (Figure 11) (Tonti-Filippini et al., 2017). Future annotation 

pipelines should aim to identify and annotate such features.  

 
Figure 11. An example of identifying a cis-element in chloroplast sequences via sequence 
conservation. The highest peak in this region corresponds to the known binding site of PPR10 (Tonti-

Filippini et al., 2017). 

 

  

https://paperpile.com/c/aWBKGF/2yYO
http://www.jbc.org/content/242/11/2700
http://www.jbc.org/content/242/11/2700
https://paperpile.com/c/aWBKGF/Rv7y
https://paperpile.com/c/aWBKGF/Rv7y
https://paperpile.com/c/aWBKGF/Rv7y
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Chapter 2 - Sequencing and assembly 

Project 1: Plastids of the Pilbara 

Introduction 

Chloroplasts are organelles found in plant cells and eukaryotic algae that conduct 

photosynthesis. Chloroplasts contain their own circular genome which is generally 

small (120-175kb), gene-rich and presents in very high copy number in leaf tissue. 

Chloroplast genome data is useful for species identification, for phylogenetic 

analyses and for tracing evolutionary adaptation (Tonti-Filippini et al., 2017).  

The largest and most complete reference collections of plants are held in herbaria 

(Dormontt et al., 2018). Herbaria are valuable sources of extensive curated plant 

material that are often linked to extensive metadata. Herbarium DNA generally 

appears to be preserved surprisingly well and is particularly important when the 

target species are distant, are difficult to identify, or when studies are at large scales 

(Bakker, 2017).  

Australia has a globally significant flora that is well sampled and expertly curated by 

its herbaria. The Pilbara bioregion of Western Australia (WA) is a national 

biodiversity hotspot and rich in biodiversity (Nevill et al., 2020). Within WA, there are 

serious attempts to obtain chloroplast DNA sequence data from native flowering 

plants with an aim to enable higher level taxonomic and ecological studies (T. 

Hammer et al., 2015; A. V. Williams et al., 2016). Until recently, though, chloroplast 

genome sequencing was a costly and time-intensive endeavor, limiting its utility for 

molecular biologists and plant evolutionary biologists. Herbarium genomics is 

proving promising as high‐throughput, NGS approaches fit in well with the 

fragmented nature of herbarium DNA and large-scale projects (Dormontt et al., 

2018).  

Acquiring such data from hundreds of samples is not limiting, however, this causes 

challenges of scale such as automating assembly and annotation of whole genomes 

from short-read sequences. One aim of this project is to build a new pipeline used to 

https://paperpile.com/c/aWBKGF/Rv7y
https://paperpile.com/c/aWBKGF/8Ydp
https://paperpile.com/c/aWBKGF/P92i
https://paperpile.com/c/aWBKGF/PNSH
https://paperpile.com/c/aWBKGF/YQ07+PQu2
https://paperpile.com/c/aWBKGF/YQ07+PQu2
https://paperpile.com/c/aWBKGF/8Ydp
https://paperpile.com/c/aWBKGF/8Ydp
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efficiently assemble a (nearly) complete chloroplast genome (cpDNA) and rDNA 

from short DNA sequences from herbarium material, and accurately annotate the 

newly assembled sequences. This project also aims to explore the impact of various 

factors (e.g. sample age, DNA fragment size, DNA quantity and quality, read depth 

and fragment length) on plastid assembly errors and to assess the efficacy of DNA 

sequence information for plant identification and phylogenomics. Another aim is to 

build a DNA sequence database of a key set of the Pilbara flora that associates 

specimen metadata, raw data, assembled sequences, annotation and a DNA 

sequence search application. This database is open access and can (and will) be 

used by plant scientists, environmental consultants or government agencies, etc.  

In this project, genome skimming was validated to be effective at producing genomic 

information on a large scale. High-quality assembly and annotation of chloroplast 

genome and nuclear rDNA gene repeats were efficiently achieved using the 

developed computational pipeline, even though DNA was degraded and yields of 

DNA were generally low. These newly assembled sequences were successfully 

used to identify plant samples and could be used to improve the resolution of plant 

phylogenies. Overall, this project demonstrates that a large‐scale genome 

sequencing approach is feasible for producing high‐quality complete cpDNA and 

rDNA sequences as a source of data for accurate DNA barcoding and 

phylogenomics. 

Statement of Author Contribution (Xiao Zhong) 

In this study, I developed the genome assembly pipeline with the suggestions of my 

supervisors: Prof. Ian Small, Dr. Julian Tonti-Filippini. The one-click data-processing 

pipeline has successfully assembled a (nearly) complete chloroplast genome from 

short DNA sequences for hundreds of samples. For some samples (e.g. Ptilotus and 

Triodia), the assembly was further verified by visually inspecting for consistency 

between original reads and these draft genomes or among several assembly 

versions generated by the independent assemblers used. Statistics of raw data and 

assemble sequences were calculated and summarized to explore their correlation 

with assembly quality. Additionally, 675 sets of sample information and sequence 

data were submitted to NCBI SRA database 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA522689/). The hundreds of newly 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA522689/
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assembled sequences were annotated by our new annotation software Chloe (See 

Chapter 4). The genomic data forms the cornerstone of the Plastid DNA database 

(https://pilbseq.dbca.wa.gov.au/index.html) we built and will provide invaluable DNA 

sequence information on the Pilbara flora to society. 

Publication 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Nevill et al. Plant Methods            (2020) 16:1  
https://doi.org/10.1186/s13007-019-0534-5

METHODOLOGY

Large scale genome skimming 
from herbarium material for accurate plant 
identification and phylogenomics
Paul G. Nevill1,2,3* , Xiao Zhong4,5, Julian Tonti-Filippini4,5, Margaret Byrne2,6,7, Michael Hislop6, Kevin Thiele2,6, 
Stephen van Leeuwen6, Laura M. Boykin4,5 and Ian Small4,5

Abstract 
Background: Herbaria are valuable sources of extensive curated plant material that are now accessible to genetic 
studies because of advances in high-throughput, next-generation sequencing methods. As an applied assessment of 
large-scale recovery of plastid and ribosomal genome sequences from herbarium material for plant identification and 
phylogenomics, we sequenced 672 samples covering 21 families, 142 genera and 530 named and proposed named 
species. We explored the impact of parameters such as sample age, DNA concentration and quality, read depth and 
fragment length on plastid assembly error. We also tested the efficacy of DNA sequence information for identifying 
plant samples using 45 specimens recently collected in the Pilbara.

Results: Genome skimming was effective at producing genomic information at large scale. Substantial sequence 
information on the chloroplast genome was obtained from 96.1% of samples, and complete or near-complete 
sequences of the nuclear ribosomal RNA gene repeat were obtained from 93.3% of samples. We were able to 
extract sequences for the core DNA barcode regions rbcL and matK from 96 to 93.3% of samples, respectively. Read 
quality and DNA fragment length had significant effects on sequencing outcomes and error correction of reads 
proved essential. Assembly problems were specific to certain taxa with low GC and high repeat content (Goodenia, 
Scaevola, Cyperus, Bulbostylis, Fimbristylis) suggesting biological rather than technical explanations. The structure 
of related genomes was needed to guide the assembly of repeats that exceeded the read length. DNA-based 
matching proved highly effective and showed that the efficacy for species identification declined in the order 
cpDNA >> rDNA > matK >> rbcL.

Conclusions: We showed that a large-scale approach to genome sequencing using herbarium specimens produces 
high-quality complete cpDNA and rDNA sequences as a source of data for DNA barcoding and phylogenomics.
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Background
Herbaria are valuable sources of curated plant specimens 
that are often linked to extensive metadata. They have 

been described as “treasure troves” [1] of information 
and are increasingly the focus of tissue samples for DNA 
barcoding and phylogenetic studies, where specimens 
with accurate taxonomic identification and associated 
metadata are essential (e.g. [2–4]). Their use as sources 
of DNA is particularly important when the target species 
are distant, found in isolated or hard to access locations, 
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are difficult to identify, or when studies are at large scales 
[2].

Herbaria are now accessible to genetic studies because 
of advances in high-throughput, next-generation 
sequencing (NGS) methods. The genome-skimming 
approach, where highly repetitive genome regions such 
as rDNA and organelle genomes are recovered using 
shallow-pass genome sequencing [5], has been used to 
retrieve plastid DNA and rDNA sequences from 146 her-
barium specimens [6], to sequence the nuclear genome 
of a Arabidopsis thaliana herbarium specimen [1], to 
improve phylogenetic resolution in Acacia [4], and 
recover rDNA and plastid genome sequences from 25 
herbarium specimens up to 80 years old from 16 differ-
ent Angiosperm families [7]. However, large scale studies 
with broad taxonomic sampling are lacking but needed 
given the future importance of herbaria for the system-
atic development of reference barcode databases [2].

This project used recent developments in full genome 
sequencing to provide a DNA sequence database of a key 
set of the Pilbara flora, and provides a proof of concept as 
an initial stage in the development of effective large scale, 
DNA-based species identification system for the Pilbara 
bioregion. The Pilbara bioregion of Western Australia is 
an area of national importance as it is rich in biodiver-
sity [8] and is one of 15 national biodiversity hotspots [9]. 
The region is also of international importance as it is a 
major global producer of iron ore and lithium [10]. Effec-
tive identification of plant species is critical for conserv-
ing the rich and diverse flora of the Pilbara bioregion, 
particularly in the context of the challenges presented by 
resource development associated with mining. Environ-
mental impact assessment and native vegetation clearing 
approval processes require certainty in the identification 
of species, yet this can be extremely challenging in such 
a vast, remote and climatically episodic region as the Pil-
bara. Development of an improved knowledge base for 
the Pilbara flora will deliver improved reliability and effi-
ciency of plant identifications for environmental impact 
assessments and associated regulatory land use planning 
approval processes.

As an applied assessment of the large-scale recovery 
of plastid and ribosomal genome sequence from her-
barium material using a genome-skimming approach, we 
sequenced 672 samples covering 21 families, 142 genera 
and 530 named and proposed named species (i.e. spe-
cies with manuscript or phrase names). Our aim was to 
assess whether the successes of previous studies using 
this approach could be repeated with a large number 
of species from many plant families. First, we identified 
the proportion of species in families for which com-
plete or near complete plastid genome, rDNA, matK and 
rbcL were retrieved in the sequencing dataset. We then 

explored the impacts of various parameters (e.g. DNA 
fragment size, number of raw reads, depth of mapped 
reads, DNA quantity and quality) on assembly error. 
Finally, as a proof of concept, we tested the efficacy of the 
DNA sequence information for identifying plant samples 
using 45 specimens recently collected in the Pilbara, and 
discuss current and potential future uses of the data.

Results
Between 1,800,158 and 10,692,690 high-quality paired-
end reads were produced from each sample (average 
4,922,683; median 4,960,988). Sequence assembly was 
attempted for 672 samples, covering 530 named or pro-
posed species. Complete or near complete sequence 
information on the chloroplast genome was obtained 
for 96.1% of samples, and complete or near-complete 
sequence of the nuclear rDNA repeat for 93.3% of sam-
ples (Figs. 1 and 2). The remaining samples were of too 
poor quality for successful assembly. Most samples gave 
around 30–150× coverage of the chloroplast genome 
(Fig.  3). We were able to extract sequences for the core 
DNA barcode regions (rbcL and matK) from 96.4% and 
93.3% of samples, respectively (Fig. 1).

The yields of DNA were generally low, ranging from 
10 ng to 2 µg, but sufficient for the task as the quantity of 
DNA did not affect assembly quality (Fig.  4). Specimen 
age had no effect on assembly error either, but the DNA 
from some samples was highly fragmented and DNA 
fragment length was significantly correlated with assem-
bly outcomes (Fig. 4). We tested the effect of seven other 

Fig. 1 Estimation of assembly completeness by comparison with 
Genbank records. Assemblies were paired with the closest match 
amongst all complete plastid genomes in Genbank. The scatter plot 
shows the relationship between the length of the assembly and 
its paired Genbank record. The straight line indicates the expected 
(x = y) values. The colours indicate ‘good’ (blue) and ‘poor’ (orange) 
assemblies based on the discrepancy observed between the paired 
lengths (calculated as described in the Methods). In all, from 672 
samples, 606 assemblies passed this criterion, 54 assemblies failed, 
and for 12 samples no assembly was obtained
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parameters on assembly error. Neither the number of raw 
reads for each sample, the number of nucleotides, nor the 
depth of mapped reads (Fig. 4) correlated with assembly 

error, confirming that reads weren’t limiting; however, 
read quality and DNA contamination had a significant 
effect (Fig.  4). Two biological parameters, GC content 
and repeat content, were strongly associated with assem-
bly success (Fig. 4).

Proof of concept
The efficacy of DNA sequence information for identify-
ing plant samples was tested using 45 specimens recently 
collected in the Pilbara as part of the Ausplots Range-
lands survey project [11]. These specimens were selected 
to represent samples with morphological identifications 
that corresponded to species already in the database and 
we focused on difficult to identify grasses. Sequencing 
and assembly of rDNA and cpDNA sequences was done 
using the same approach as other samples. The average 
common substring method [12] was used to match the 
rDNA and cpDNA sequences to the database of Pilbara 
samples. Species identification for these specimens was 

Fig. 2 Proportion of species in families for which complete or near complete plastid genome, rDNA, matK and rbcL were retrieved in the 
sequencing dataset. Families shown are those with more than five species in the study

Fig. 3 The distribution of coverage across all the samples
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also attempted using the short barcode sequences from 
the rbcL and matK genes. The rbcL and matK barcode 
sequences were extracted from the assembled cpDNA 
sequences by simulated PCR [13] using combinations 
of primers obtained from Barcode of Life Datasystem 
(BOLD). Extracted barcodes were used to search the 
PILBseq database as described above.

DNA-based matching of the 45 ‘known unknown’ spec-
imens agreed with the morphology-based identification 
at the genus level in every case for both rDNA and total 
chloroplast DNA (cpDNA), and in almost every case 
when using specific chloroplast barcode regions such 
as rbcL or matK. DNA-based matching agreed with the 
morphology-based identification at species level ~ 70% 
of the time for rDNA sequences and 83% of the time for 
cpDNA sequences. DNA-based matching showed that 
matching effectiveness decreased in the following order, 
cpDNA >> rDNA > matK >> rbcL.

Discussion
We demonstrated that a large scale approach to genome 
sequencing of herbarium specimens can produce a large 
dataset of complete cpDNA and rDNA sequences, and 
that the data generated can be used for species identifi-
cation and phylogenomics. Our study included a broad 
range of families and genera and DNA was of varying 

concentration and quality. Our success is important and 
demonstrates that herbaria can be used as a source of 
plant material for building a comprehensive DNA bar-
coding and metabarcoding database.

Lessons learned
We have learned a number of valuable lessons from this 
study and future projects will greatly benefit from this 
new knowledge. Before DNA was extracted, experienced 
botanists at the Western Australian Herbarium checked 
and confirmed identifications. This proved to be a criti-
cal step in the project as it revealed misidentifications, 
provided more complete identifications (e.g. to infra-spe-
cies) in some cases, and resulted in the exclusion of some 
specimens that could not be identified accurately or had a 
complex, unresolved taxonomy.

Complete or near complete sequence information 
on the chloroplast genome and the nuclear rDNA was 
obtained for a high proportion of samples. Most sam-
ples gave coverage of the chloroplast genome sufficient 
for high-quality assembly. Raising coverage by multi-
plexing fewer samples would increase the proportion 
of complete genomes but reduce the total number of 
genomes obtained, so we believe that the level of mul-
tiplexing chosen maximised the cost-effectiveness of 
the project. Where reads were limiting for full de novo 
assembly, assemblies were constructed by aligning 

Fig. 4 Relationships between various DNA, sequencing and assembly parameters on assembly completeness. The distributions of ten different 
parameters that might influence assembly success were investigated in samples that were deemed to be ‘good’ (blue) or ‘poor’ (orange) (as 
described in Methods and depicted in Fig. 1). Individual points represent individual samples; box plots indicate the median (centre line), 
interquartile range (box) and 1.5× interquartile range (‘whiskers’). The p-values shown indicate the results of t-tests for differences in the means of 
the two distributions in each case
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contigs and reads to a closely related reference genome. 
In these cases, despite the care taken to ensure consist-
ency between the assembly and the input reads, there is a 
low risk that the gene order in the assembly is not correct 
if the true order differs from that in the reference used. 
The rare assembly failures were due either due to sub-
standard DNA sequence quality/quantity or biological 
peculiarities specific to certain taxa (notably Goodenia, 
Scaevola, Cyperus, Bulbostylis, Fimbristylis). In general, 
genomes from these problematic genera contained exten-
sive low-GC intergenic regions including many repeats 
that made assembly with this short-read data difficult 
or impossible. Future studies of this type aimed at such 
taxa will need to include data from long-read sequencing 
technologies to eliminate these issues.

DNA extraction can prove problematic when using her-
barium material; however reliable extraction of DNA and 
recovery of sequence data from samples of various ages 
is possible [14, 15]. In our study, even though DNA was 
degraded and yields of DNA were generally low, in most 
cases they were adequate for all downstream molecular 
techniques required for the project. Short read sequenc-
ing deals with short fragments and abasic sites quite well 
[16], but error correction of the reads before assembly 
proved essential. Repeats that exceeded the read length 
led to problems with unambiguous assembly of contigs 
but we overcame this limitation by using the structure 
of related genomes to guide assembly. Finally, we found 
significant differences in chloroplast DNA proportions, 
with aphyllous plants (e.g. Tecticornia) appearing to have 
less chloroplast DNA, which led to limited coverage and 
made it more difficult to assemble reads.

Proof of concept
We tested the efficacy of the DNA sequence database 
by sequencing 45 new samples supposedly correspond-
ing to species already in the database and treated them 
as ‘known unknowns’ in analyses. These samples were 
mostly hard-to-identify grasses. In the 7 cases that the 
cpDNA match disagreed with the morphology-based 
identification, the rDNA match also disagreed, and in 
5 of the 7 cases the rDNA match was to the same spe-
cies as the cpDNA match. This suggests that 5 of the 7 
apparent ’errors’ in the cpDNA matches (and quite pos-
sibly all 7) are due to misidentification of either the 
’known unknown’ or the original database sample, or 
due to taxonomy errors (i.e. taxonomic species bounda-
ries incongruent with actual genetic relationships). At 
the species level, DNA-based matching showed that the 
efficacy for species identification declined in the order 
cpDNA >> rDNA > matK >> rbcL. This is consistent with 
the findings of other studies [17].

cpDNA genomes from this study were invaluable in 
helping resolve the phylogenetic backbone of another 
important Pilbara genus, Ptilotus (Amaranthaceae) [18]. 
A phylogeny of selected species based on the genome 
sequences from this study had very high support for 
most nodes. Applying this phylogeny as a topologi-
cal constraint on a larger (more species-complete) phy-
logeny based on Sanger sequencing of a limited set of 
markers provided substantially improved backbone reso-
lution and support. Finally, cpDNA genomes from this 
study have also been combined with existing chloroplast 
genomic sequences to examine the diversification timing 
of an Australian arid zone grass species complex (Tridoia 
basedowii) [19].

Re-use potential
We plan to use these data in a molecular identification 
system for Western Australian flora. This will enable 
identification of specimens throughout the year (e.g. 
non-flowering times) and for morphological hard-to-
identify species (e.g. those with constrained or reduced 
morphological characters). It will also have practical 
applications in a wide range of ecological contexts, such 
as gut and scat analysis of animals to determine dietary 
preferences of threatened (e.g. [20]), and checking the 
integrity of seed collections for seed banking and use in 
land restoration/revegetation programs [21]. The avail-
ability of this technology will modernize plant surveys by 
reducing constraints on survey effort through moderat-
ing sampling timing restrictions and seasonal effects and 
enabling rapid identification and assessment of regional 
context. The technology will also facilitate greater cer-
tainty for environmental impact assessments and associ-
ated land using planning processes. However, there are 
many other potential uses of extensive plastid sequence 
data beyond species identification [22]. Like the Ptilotus 
[18] and Triodia [19] studies, the sequences from this 
project could be used to improve the resolution of plant 
phylogenies, which are increasingly based on the integra-
tion of samples, some with short marker sequences and 
others complete genomes. A third potential use of the 
data is studies of the evolution of plastid genome func-
tion, including understanding adaptive changes (e.g. [23, 
24]).

Conclusions
In this study, we have shown that we can readily pro-
duce at scale, whole chloroplast and ITS rDNA data 
from herbarium specimens that can be used for a range 
of applications. The project represents the first extensive 
collection of whole plastid genome data in Australia. The 
data are open access and available on several databases 
(our data portal and the SRA) for use by environmental 
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consultants, researchers and government agencies. We 
envisage that this will be a ‘living’ dataset, in that the 
sequence coverage will continue to grow as samples are 
added, new ways to analyse and use the data are devel-
oped, other environmental datasets are linked and new 
users contribute to the resource.

This project represents a proof of concept and a first 
step in the development of a molecular identification sys-
tem for the Pilbara flora. To be fully effective, the data-
base needs to be representative of all species present in 
the Pilbara bioregion. However, the current database 
covers the majority of two major families (Poaceae and 
Asteraceae) where taxonomic identification can be chal-
lenging, and so has current application for molecular 
identification in these families.

Priorities for future work include incorporating addi-
tional species for taxon completeness in the Pilbara 
bioregion, and including multiple samples per species. 
The challenges and limitations of biodiversity surveys 
and assessments (i.e. traditional taxonomic identifica-
tion and field observation) are familiar to those responsi-
ble for environmental stewardship. This dataset provides 
an exceptional opportunity to evaluate the utility of a 
molecular approach for accurate, timely and cost-effec-
tive species identification that is critical for effective bio-
diversity management, sustainable use and restoration 
monitoring.

Methods
Species selection
Species were selected in consultation with taxonomic 
and identification experts at the Western Australian 
Herbarium, based on the following criteria: (1) Con-
servation-priority species that occur on mining tenure 
in the Pilbara and are sometimes difficult to identify 
because they are character-poor or often sterile or poorly 
known; (2) For each represented family, all other spe-
cies that occur on mining tenure in the Pilbara; and (3) 
Additional off-tenure species that increased the com-
pleteness of coverage for families, genera and/or species 
complexes in the Pilbara. Samples for sequencing were 
taken from specimens lodged at the Western Australian 
Herbarium (PERTH). Specimens suitable for sequencing 
were selected according to the following criteria: (1) Col-
lected in the last 10 years (with some exceptions due to 
a lack of more recent specimens); (2) Sufficient material 
on the specimen, so as to not compromise future use for 
other purposes; (3) Collected from the Pilbara bioregion 
(with some exceptions due to a lack of more recent speci-
mens); (4) Well-dried and of suitable quality for reliable 
identification.

Identifications of all sampled specimens were con-
firmed by botanists at the Western Australian Herbar-
ium. This was an important step, to reduce as much as 
possible the likelihood of sequences bearing an incor-
rect initial identification. Some selected specimens were 
changed to avoid potential problems or where this con-
firmation step showed that the specimen was mis-identi-
fied. Contextual data from herbarium records, including 
sampling location, site descriptions, and associated veg-
etation, were linked and recorded for each specimen and 
are found on the project data portal (https ://pilbs eq.dbca.
wa.gov.au/).

DNA extraction
DNA was extracted from herbarium samples using the 
commercial DNeasy Plant Mini Kit (Qiagen) follow-
ing the manufacturer’s instructions. DNA was eluted in 
100  μl of AE buffer and DNA concentration and qual-
ity was quantified on a NanoDrop ND-1000 spectro-
photometer (ND-1000; Thermo Fisher Scientific), with 
confirmation through gel electrophoresis and QUBIT 
fluorometric quantitation for a subset of samples. Mini-
mum concentration for sequencing was 1 ng/ul. Samples 
were sequenced at the AGRF node in Melbourne, Vic-
toria. Where required, DNA samples were purified and 
concentrated using a DNA Clean & Concentrator™-5 Kit 
(Zymo Research).

DNA sequencing
Even though DNA samples were generally of low molec-
ular weight, DNA from all samples was sheared in a 
volume of 50  µl using a Covaris E220 Focused Ultra-
sonicator. Following shearing, sequencing libraries were 
prepared using Illumina’s TruSeq Nano DNA Library 
preparation kit (350  bp median insert) following the 
manufacturer’s protocol. Pilot sequencing showed that 
Truseq libraries provided more even genome coverage 
than transposon-tagged libraries. Libraries were assessed 
by gel electrophoresis (Agilent D1000 ScreenTape Assay) 
and quantified by qPCR (KAPA Library Quantification 
Kits for Illumina). Sequencing was performed on the Illu-
mina HiSeq 2500 system with 2 × 125 nt paired end reads 
using the HiSeq PE Cluster Kit, v5 and HiSeq SBS Kit, v4 
(250 cycles).

Sequence processing
To test the suitability of the data for future uses 
including the development of a molecular identifica-
tion service and phylogenomic studies, draft plastid 
genome assemblies were undertaken for the complete 
dataset using the following workflow (see also Addi-
tional file 2). We first removed adapter sequences with 

https://pilbseq.dbca.wa.gov.au/
https://pilbseq.dbca.wa.gov.au/
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cutadapt (v1.9.1) [25]. We then normalized read depth 
based on k-mer counts using BBNorm, (a tool in the 
BBMap package), with a k-mer low/high coverage cut-
off of 10/500 [26]. Read errors were corrected using 
SPAdes (v3.6.1) [27] and overlapping paired-end reads 
were merged using BBMerge (v8.82), another tool in the 
BBMap package. Merged reads were assembled with 
Velvet (v1.2.10) [28] with k-mer values of 51, 71, 91 and 
111, and with low coverage cut-off values of 10, 7, 15 
and 20. Velvet assembly was terminated if assembled 
contigs of a plastid under one set of parameters met the 
desired criteria for length and k-mer coverage. Assem-
bled contigs were aligned with all sequences in a local 
database comprising plastid genomes from GenBank 
(1366 organisms) and the newly assembled genomes 
in this study using MUMmer (version 3.23) [12]. For 
each assembly, the best reference sequence was chosen 
as that which covered the most sequence with the least 
number of contigs based in the alignment. Aligned con-
tigs were then ordered, oriented and connected directly 
to be a single longer sequence if the assembled plas-
tid sequences satisfied the above requirement. Other-
wise, Velvet assembly under other coverage cut-off and 
k-mer values was launched until all running rounds for 
one sample were finished. When quality contigs were 
not yet obtained using the de novo approach, assembly 
was switched to reference-guided approach. The best 
pair of a reference and contigs set in all alignments was 
chosen and plastid contigs were connected as a single 
sequence. Additionally, two seed-extension assemblers, 
The ORGanelle ASeMbler (v b2.2) [29] and NOVO-
Plasty (v.2.5.9) [30] were tested and their assemblies 
retained in 242 and 35 cases, respectively. Finally, draft 
genomes were refined by filling gaps using GapFiller 
(v1.10) [31], mapping the raw reads to the genomes 
using BWA (v0.7.5a-r405) [32] and correcting and veri-
fying the assembly with Pilon (v1.16) [33].

Assembly errors were estimated by comparing 
the assembly length to the length of the most similar 
complete chloroplast genome in Genbank. Genome 
matches were ranked by the average common substring 
method [12]. Error was calculated as abs(log(assembly 
length/Genbank match length)). An assembly with an 
error of 0.1 or greater was considered as a poor assem-
bly (equivalent to a length discrepancy of ~  ± 10%, with 
missing sequence counting more towards the error 
than duplicated or extra sequence). This is only a rough 
guide to assembly quality as in many cases no closely 
related genomes were available for comparison. Sta-
tistical tests (t-tests) were performed to evaluate the 
impact of parameters such as sample age, DNA con-
centration, number of raw reads, fragment length, read 
coverage, GC content or repeat content on assembly 

error. Repeats were analysed using Vmatch (https ://
www.vmatc h.de), based on REPuter [34]. The lengths of 
non-IR repeats were summed to give a single value per 
assembly.

See Additional files 1 and 2 for summaries of the bioin-
formatics and entire project workflows.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1300 7-019-0534-5.

Additional file 1. Workflow summarising DNA sequence assembly.

Additional file 2. Workflow summarising the methodological approach 
employed in this study to produce a DNA sequence resource.
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Additional methods and analyses 

Quality control of the raw data 

First, a quality control check was done for the raw sequence data using FastQC 

(v0.11.5) and the check provided a quick overview of whether the data had any 

problems of which we should be aware before doing any further analysis. The 

parameters checked included the total number of reads, the distribution of quality 

scores across all bases, adapter content and overrepresented sequences, etc (Table 

1, Figure 12).  

 
Table 1. An example of basic statistics of raw reads (ID:22260). 

 

 
Figure 12. An example of sequence quality per base (ID:22260). 

Contamination survey 

Contamination can limit the number of correct reads and increase the complexity of 

the genome assembly and is particularly likely to occur in herbarium material that 
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has been in lengthy storage. To explore the contamination in all sequencing data 

sets, the complete DNA sequences of viruses, bacteria, archaea, fungi, humans, 

plasmids and protozoa in RefSeq (NCBI Reference Sequence Database, 

https://www.ncbi.nlm.nih.gov/refseq/) were downloaded and then a database of the 

lowest common ancestor (LCA) of all genomes known to contain a given k-mer was 

built using kraken2 (v2.0.8). Kraken2 was further used to search for exactly matching 

k-mers between query and target sequences in the LCA database. Ultimately each 

query sequence is assigned to the taxon with the most matching k-mers (Table 2). 
Table 2. Percentage of contaminants and clean reads in a read set. 

 

                     *10 samples are shown as examples. 

Assembly validation and assessment  

In addition to automated assembly correction carried out by our pipeline, the 

assembly of some challenging samples was further verified through visually 

inspecting for consistency between the original reads and the assembled sequences 

or between various versions produced by the independent assemblers using 

Geneious Prime v2019.0.4 (Kearse et al., 2012). In addition, related genomes were 

often used to verify the assembly (Figure 13). 

 
Figure 13. The alignment of the Arabidopsis thaliana plastome (Genbank ID: AP000423.1) and 
the newly assembled genome of Acacia orthocarpa (sample ID: 33501). The two sequences were 

compared using ‘nucmer’ from the MUMmer package v4.0.0 (Marçais et al. 2018) with default settings 

to define the sequence regions that share synteny. An in-built Perl script using a Scalable Vector 

https://www.ncbi.nlm.nih.gov/refseq/
https://www.ncbi.nlm.nih.gov/refseq/
https://paperpile.com/c/aWBKGF/AcIgB
https://paperpile.com/c/aWBKGF/vyjR
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Graphics (SVG) module was used to draw the figure. 

Project 2: Ptilotus Phylogenomics 

Introduction 

The Amaranthaceae family comprises approximately 79 genera and 800 species. 

The aervoids are an informal species-rich clade within the family, including five 

genera: Ptilotus (~120 spp.), Aerva (11 spp.), Kelita, Nothosaerva, and Omegandra 

(T. A. Hammer et al., 2019). Most Ptilotus occur in arid Western Australia, especially 

the Pilbara. Taxonomists, however, have found it difficult to delimit infrageneric 

groups due to inconsistent morphological variation. Moreover, the lack of resolution 

of molecular phylogenies was perhaps due to the lack of informative characters for 

these taxa. Consequently, the relationships within the genus and the relationships to 

closely related species remained unresolved. The Ptilotus study aimed to elucidate 

these relationships using a phylogenomic approach and provide an updated 

taxonomic framework for the aervoids. 

cpDNA genomes from the Plastids of the Pilbara project described above were 

invaluable in helping resolve the phylogenetic backbone of the genus. A phylogeny 

of selected species based on these genome sequences had very high support for 

most nodes. Applying this phylogeny as a topological constraint on a larger (more 

species-complete) phylogeny based on Sanger sequencing of a limited set of 

markers provided substantially improved backbone resolution and support. The 

Ptilotus study represents a proof of concept of using full plastome sequencing to 

improve phylogenomics analysis. 

Statement of Author Contribution (Xiao Zhong) 

The 41 newly sequenced and assembled full chloroplast genomes play a key role in 

this study of Ptilotus phylogeny. I assembled these genomes with the automated 

assembly pipeline I developed, complemented by several separate third-party 

plastid-specific genome assemblers. I found that longer reads (300 nt) with low 

sequencing quality gave poorer assemblies than shorter, higher-quality reads (125 

nt) (Figure 14). Removing approximately half of each read gave better assemblies 

https://paperpile.com/c/aWBKGF/sIZF
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for some samples. I annotated the genomes and provided high-quality annotated 

genome data to my collaborators in this study and submitted the same data to 

GenBank (Table 3). 

 

Figure 14. Sequence quality distribution of the sample (ID: TH301).  
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Table 3. GenBank accessions of the newly assembled and annotated genomes. 

 

Publication 

Resolving intergeneric relationships in the aervoid clade and the backbone of 
Ptilotus (Amaranthaceae): Evidence from whole plastid genomes and 
morphology 
 

Timothy A. Hammer,1 Xiao Zhong,2 Catherine Colas des Francs-Small,2 Paul G. 

Nevill,3 Ian D. Small2 & Kevin R. Thiele1 

1 School of Biological Sciences, Faculty of Science, The University of Western 

Australia, Crawley, Western Australia 6009, Australia 
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2 ARC Centre of Excellence in Plant Energy Biology, The University of Western 

Australia, Crawley, Western Australia 6009, Australia 

3 ARC Centre for Mine Site Restoration, School of Molecular and Life Sciences, 

Curtin University, Bentley, Western Australia 6102, Australia 

Address for correspondence: Timothy A. Hammer, 

timothy.hammer@research.uwa.edu.au 

 

DOI https://doi.org/10.1002/tax.12054 

 

Citation Hammer, T. A.,  Zhong, X.,  Colas des Francs‐Small, C.,  Nevill, P. G.,  

Small, I. D., and  Thiele, K. R. ( 2019) Resolving intergeneric relationships in the 

aervoid clade and the backbone of Ptilotus (Amaranthaceae): Evidence from whole 

plastid genomes and morphology, TAXON,  68,  297– 314, doi: 

https://doi.org/10.1002/tax.12054. 

Abstract The informally named “aervoid clade” in Amaranthaceae includes ~134 

species in five genera: Ptilotus (~120 spp.), Aerva (11 spp.) and the monotypic 

Nothosaerva, Omegandra, and Kelita. The relationships of the small aervoid genera 

to the large genus Ptilotus, and relationships between major clades within Ptilotus, 

are poorly resolved. The aims of this study were to: (1) elucidate relationships 

between genera and within Ptilotus using a phylogenomic approach; (2) identify 

morphological characters within each genus to help delimit generic boundaries; and 

(3) provide an updated taxonomic framework for the aervoids. A well-supported 

coding DNA sequence (CDS) phylogeny was constructed for 36 aervoid and 5 

outgroup species based on 69 gene sequences derived from assembled whole- 

plastid genomes. The CDS tree was used to constrain relationships on a larger 

phylogeny based on Sanger-sequenced ITS and matK for 135 taxa, comprising 

near-comprehensive sampling within the aervoids. Both datasets were analysed 

using maximum likelihood and Bayesian inference. Morphological characters were 

assessed from herbarium specimens. Our study demonstrates that Aerva is polyphy- 

letic; this is resolved by reinstating Ouret and erecting a new genus, Paraerva. Kelita 

is found to be deeply nested within Ptilotus and is formally synonymised. The well-

resolved phylogeny of Ptilotus presented here will inform future studies in 

https://doi.org/10.1002/tax.12054
https://doi.org/10.1002/tax.12054
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biogeography and character evolution. A taxonomic treatment is provided for all 

aervoid genera, and new combinations are made. 

 

Keywords Amaranthaceae; Caryophyllales; new genus; nomenclature; 

phylogenomics; Ptilotus; taxonomy 

 

Source The full paper has been included as an appendix.  

Additional methods and analyses 

36 aervoid and 5 outgroup plastome sequences (Table 3) from the Pilbara project 

were annotated by the “Transfer Annotations” function in Geneious (v.11.1.2) using 

the previously published Amaranthus hypochondriacus annotation as a reference 

(Genbank Accession:  NC_030770). The genomes were also annotated by 

CpGAVAS (http://47.96.249.172:16014/analyzer/home), Geseq 

(https://chlorobox.mpimp-golm.mpg.de/geseq.html) and an early version of the Chloe 

annotation software we are developing (see Chapter 3). The three annotation 

versions for each genome were displayed on Geneious concurrently and then 

visually inspected for discrepancies. Any apparent errors were manually corrected. 

Finally, the coding regions were extracted from the annotated plastid genomes, 

aligned separately using MAFFT (v7.407) (Katoh & Standley, 2013) and then 

provided to my collaborators in this study for the subsequent phylogenetic analysis. 

Project 3: Origin and Expansion of Triodia 

Introduction 

The Australian arid zone (AAZ) provides an excellent location for exploring the 

influence of continent-scale aridification on biome assembly. Triodia is found across 

much of the central AAZ with the bulk of its diversity in the Pilbara region of north-

western Australia and can be a model to explore plant evolution in this environment. 

This study aims to investigate population source and expansion history of the 

widespread AAZ grass Triodia basedowii, to estimate the date of diversification 

nodes and provide new understanding of the drivers behind the range shifts. 

http://47.96.249.172:16014/analyzer/home
https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://paperpile.com/c/aWBKGF/T3k3K
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Triodia cpDNA genomes from the Plastids of the Pilbara project have also been 

combined with existing chloroplast genomic sequences to examine the population 

range expansion and diversification timing of Triodia basedowii, through analyzing 

single nucleotide polymorphism of these sequences and reconstructing phylogenetic 

relationships with estimated divergence time. Thus, these newly assembled 

chloroplast genomes are of significant importance to the investigation of the 

evolutionary history of Triodia populations. 

Statement of Author Contribution (Xiao Zhong) 

I assembled and annotated the 11 newly sequenced genomes, and then provided 

the data to other experts in the team. The high-quality annotated genomes were 

submitted to GenBank (Table 4).  

Table 4. GenBank accessions of the newly assembled genomes. 

 

Publication 

Recent range expansion in Australian hummock grasses (Triodia) inferred 
using genotyping-by-sequencing 

Benjamin M. Anderson1,2,5*, Kevin R. Thiele1, Pauline F. Grierson1, Siegfried L. 

Krauss1,2, Paul G. Nevill1,3, Ian D. Small4, Xiao Zhong4 and Matthew D. Barrett1,2 

1School of Biological Sciences, The University of Western Australia, Crawley, 

Western Australia 6009, Australia 

2Kings Park and Botanic Garden, Botanic Gardens and Parks Authority, Kings Park, 

Western Australia 6005, Australia 
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3Australian Research Council Centre for Mine Site Restoration, Curtin University, 

Bentley, Western Australia 6102, Australia 

4Australian Research Council Centre of Excellence in Plant Energy Biology, School 

of Molecular Sciences, The University of Western Australia, Crawley, Western 

Australia 6009, Australia 

5Present address: Department of Ecology, Environment and Plant Sciences, 

Stockholm University, 106 91 Stockholm, Sweden 

Abstract. The Australian arid zone (AAZ) has undergone aridification and the 

formation of vast sandy deserts since the mid-Miocene. Studies on AAZ organisms, 

particularly animals, have shown patterns of mesic ancestry, persistence in rocky 

refugia and range expansions in arid lineages. There has been limited molecular 

investigation of plants in the AAZ, particularly of taxa that arrived in Australia after 

the onset of aridification. Here we investigate populations of the widespread AAZ 

grass Triodia basedowii to determine whether there is evidence for a recent range 

expansion, and if so, its source and direction. We also undertake a dating analysis 

for the species complex to which T. basedowii belongs, in order to place its 

diversification in relation to changes in AAZ climate and landscapes. We analyse a 

genomic single nucleotide polymorphism data set from 17 populations of T. 

basedowii in a recently developed approach for detecting the signal and likely origin 

of a range expansion. We also use alignments from existing and newly sequenced 

plastomes from across Poaceae for analysis in BEAST to construct fossil-calibrated 

phylogenies. Across a range of sampling parameters and outgroups, we detected a 

consistent signal of westward expansion for T. basedowii, originating in central or 

eastern Australia. Divergence time estimation indicates that Triodia began to 

diversify in the late Miocene (crown 7.0–8.8 million years (Ma)), and the T. basedowii 

complex began to radiate during the Pleistocene (crown 1.4–2.0 Ma). This evidence 

for range expansion in an arid-adapted plant is consistent with similar patterns in 

AAZ animals and likely reflects a general response to the opening of new habitat 

during aridification. Radiation of the T. basedowii complex through the Pleistocene 

has been associated with preferences for different substrates, providing an 

explanation why only one lineage is widespread across sandy deserts. 
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Keywords: Arid zone; Australia; biogeography; chloroplast; divergence dating; 

genotyping-by-sequencing; Poaceae; range expansion; SNPs; Triodia basedowii 

species complex. 

Source: The full paper has been included as an appendix.  

Additional methods and analyses 

As described in the Ptilotus study, 11 Triodia plastome sequences from the Pilbara 

project were annotated by CpGAVAS, Geseq and the Chloe prototype we are 

developing (see Chapter 3). These annotation versions for each genome were 

further visually inspected and manually corrected if necessary. Finally, the coding 

regions were extracted from the final annotation, aligned separately using MAFFT 

and then provided to our collaborators in this study for phylogenetic and population 

genetic analysis. 

Project 4: Droseraceae Plastid Genomes 

Introduction 

Carnivorous plants derive some of their nutrients from captured prey, typically 

insects, making them adapted to grow in places with nutrient-poor soil. Carnivory is 

thought to have arisen independently at least nine times in five different orders of 

flowering plants. This study aims to investigate what consequences the switch from 

autotrophy to (mixo-) heterotrophy in the Droseraceae has had on the evolution of 

the plastid genome, and to examine whether the highly distinctive active “snap-traps” 

found in Dionaea and Aldrovanda have a common origin or evolved independently. 

With increasing democratization of whole genome sequencing and advances in 

computational tools and databases, more and more studies have explored genome 

evolution in non-model species. Here, high-coverage plastid DNA data was 

accessible by sequencing total DNA on the dominant NGS platform, Illumina. 

Various sequence assemblers, annotators and automated/manual verification work 

validated the final assembly and annotation. The high-quality newly assembled and 

annotated genome provided a valuable opportunity to accurately assess gene loss 
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and genome arrangement events, infer gene functionality, and understand the effect 

of the carnivorous syndrome on the evolution of the chloroplast. 

Statement of Author Contribution (Xiao Zhong) 

I was involved in almost all the data analysis in the study, including genome 

assembly, gene validation, genome rearrangements and phylogenetics analysis. 

During assembly, I used diverse assemblers to independently produce numerous 

versions for each species and verified them through comparisons to each other, 

taking full advantage of their strengths. The assembly strategy succeeded in 

reconstructing these complex plastid genomes with low-complexity, repetitive or 

highly rearranged regions. To validate the gene loss events, it took an immense 

effort to rule out any assembly errors that could lead to false positives when 

identifying genome rearrangements. The unique event, the loss of the trnK-UUU 

intron from all the Droseraceae, was investigated in the entire plant kingdom via 

aligning coding sequences of trnK-UUU references to thousands of all available 

plastid genomes. Locally co-linear blocks were identified to show the plastid genome 

rearrangements in the Droseraceae and their effects on co-transcription gene sets 

whose order is otherwise highly conserved across the angiosperm group. 

Additionally, carefully aligned and refined alignment sequences were used to 

reconstruct separate but congruent phylogenetic trees through three phylogenetic 

analysis programs. These trees support our phylogeny inferences. 

Publication 
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Additional methods and analyses 

Pseudogene validation  

The identified pseudogenes were verified by comparing their assembled sequences 

with orthologous sequences (Figure 15), aligning with the NCBI nucleotide collection 

(nr/nt) database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and checking the status of 

conserved domains. 

 

Figure 15. The clpP1 gene of D. erythrorhiza (DE) with a divergent potential translation start.The 

gene sequences were aligned by MAFFTv7.305b (Katoh & Standley, 2013) and visualized using 

Geneious Prime v2019.0.4 (Kearse et al., 2012). The bars above the sequence indicate the pairwise 

identity over all pairs in that column (green indicates 100% identity, yellow indicates 30–80%, and red 

indicates below 30%). Shading indicates sequence similarity. This illustrates the usually essential 

protein-encoding gene clpP1 is relatively divergent in these Drosera species and the D. erythrorhiza 

clpP1 is doubtfully functional.   

Comparative genomics analysis 

The four newly sequenced genomes were aligned to closely related genomes using 

the pairwise sequence aligner MUMmer (v4.0.0) to show the genome 

rearrangements in Droseraceae (Figure 16). Multiple sequence alignments of the 

genome sequences were generated by progressiveMauve (v. 2015-02-25) (Darling 

et al., 2010) with default parameters. The 37 blocks identified were annotated with 

the corresponding conserved co-transcription units to investigate the impact of 

rearrangements on gene transcription. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://paperpile.com/c/aWBKGF/T3k3K
https://paperpile.com/c/aWBKGF/AcIgB
https://paperpile.com/c/aWBKGF/yMJG
https://paperpile.com/c/aWBKGF/yMJG
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Figure 16. Genome variation in Droseraceae. These sequences were compared using ‘nucmer’ from 

the MUMmer package v4.0.0 (Marçais et al., 2018) with default settings. An in-built Perl script with a 

Scalable Vector Graphics (SVG) module was used to produce the figure. 

Other A. vesiculosa plastome assemblies 

The aquatic carnivorous plant A. vesiculosa is widely distributed, but becoming 

increasingly rare and is thought to be critically endangered (Elansary et al. 2010). A 

recent study found very low polymorphism in the species by analyzing genetic 

variations among several short chloroplast or mitochondrial intergenic regions 

(Elansary et al., 2010). To explore genomic variations on the whole plastome scale, 

16 additional A. vesiculosa species were also sequenced and assembled with the 

methods described above (Table 5). Overall, a high quality assembly for all samples 

was achieved, beside the sample ‘16_S16’ with rather low sequencing coverage (< 

50x). As expected, the minor differences of the assemblies are related to single 

nucleotide variations or simple sequence repeats (Figure 17). The sequencing data 

and assembled sequences will provide a basis for future studies on population 

genetics and adaptation of the genus Aldrovanda.  

https://paperpile.com/c/aWBKGF/vyjR
https://paperpile.com/c/aWBKGF/RFgn
https://paperpile.com/c/aWBKGF/RFgn
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Table 5. Summary statistics of the assembled genomes of A. vesiculosa. 

 
 

 
Figure 17. Copy number variation of the repeat unit (TATAG) among assemblies of 16 A. 
vesiculosa samples. The gene sequences were aligned by MAFFTv7.305b (Katoh and Standley 2013) 

and displayed using Geneious Prime v2019.0.4 (Kearse et al. 2012).  

 
 
 
 
 
 
 

https://paperpile.com/c/aWBKGF/T3k3K
https://paperpile.com/c/aWBKGF/AcIgB
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Chapter 3 - Annotation 

Introduction 

To date, ~4200 chloroplast genomes from land plants have been sequenced and 

archived in the database ‘NCBI Organelle Genome Resources’ 

(https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/, last accessed 15th 

March 2020). This is in part because chloroplast genomes are readily and 

inexpensively obtained, in particular with the invention of high-throughput 

sequencing technologies and advance of bioinformatics tools. The challenge, 

therefore, has changed to developing a fast and automated annotation agent as 

accurate as a human expert but without requiring extra expert intervention.  

 

Currently available tools for computational annotation of chloroplast genomes 

include DOGMA (Wyman et al., 2004), CPGAVAS (C. Liu et al., 2012), GeSeq 

(Tillich et al., 2017) and Verdant (McKain et al., 2017). These tools provide a web-

based service and only process a single sequence or a small set of sequences at 

one time. Moreover, these tools cannot accurately identify the extremely short exons 

of the chloroplast genes petB, petD and rpl16, as they mainly rely on pairwise coding 

sequence alignment. Several recently published plastome annotators attempt to 

address some of these problems using a high-quality reference database and/or new 

algorithms. For instance, CPGAVAS2 (L. Shi et al., 2019) contains a 43-plastome 

reference dataset curated through mapping of RNA-seq data and multiple sequence 

alignment, and algorithms based on the conservation of coding and nearby 

noncoding regions (UTR). Plastid Genome Annotator (PGA) (Qu et al., 2019) and 

Verdant have similar algorithms based on nucleotide position conservation to 

improve exon boundary annotation, while PGA is a standalone command line tool 

that can be used in current large-scale annotation projects, but requires users to 

provide high-quality references. Overall, none of the existing tools can rapidly 

generate (near) submission-ready annotation and all need careful manual curation. 

In addition, it remains unclear how accurate the available annotation applications 

are, although a few studies have compared them on small-scale data sets 

(Kahraman & Lucas, 2019; Qu et al., 2019; (Guyeux et al., 2019). 

https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/
https://paperpile.com/c/aWBKGF/s4twI
https://paperpile.com/c/aWBKGF/4Df4w
https://paperpile.com/c/aWBKGF/nUl0l
https://paperpile.com/c/aWBKGF/GjWdU
https://paperpile.com/c/aWBKGF/hVxf
https://paperpile.com/c/aWBKGF/BWWX
https://paperpile.com/c/aWBKGF/XEkh
https://paperpile.com/c/aWBKGF/BWWX
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Meanwhile, the organelle genome database is fraught with annotation errors even for 

well-studied organisms. The problems include unexpected truncations or extensions 

of exons, known genes missed, mis-assignments of coding strand, hypothetical 

ORFs annotated as functional genes and tRNA genes with an incorrect anticodon, 

etc (Figure 9, shown in Chapter I). Moreover, inconsistent names, although not a 

purely technological problem, are common. These problematic annotations can 

compromise every experiment or analysis that relies on them. Worse still, the 

problems are compounded when the bad annotation is unknowingly utilized in new 

genome annotations and comparative or functional analysis. This incorrect 

information in the public database will take a lot of effort to correct. Hence, it is 

urgent to provide accurate and consistent annotation for all available plastomes. 

 

Here, we designed a novel annotation algorithm addressing the challenges of 

plastome annotation, with the accuracy of a human expert. This new tool is used to 

re-annotate ~4000 available plastomes of land plants in GenBank, as well as the 

~600 plastomes we assembled using sequence data from the Pilbara flora project 

described in Chapter 2. In brief, our annotation approach predicts genes or other 

features through transferring gold-standard manually-curated annotation available for 

a few model genomes to all other genomes. This is achieved via aligning whole 

genome sequences, projecting the reference features to corresponding syntenic 

regions and finally interpreting the projected features using all available biological 

context. Unlike existing tools, our approach takes full advantage of the conservation 

of coding sequences as well as non-coding sequences (introns) when determining 

the location of feature boundaries (gene ends, splice sites). Our annotation software 

Chloe (web application: https://chloe.plantenergy.edu.au; source code: 

https://github.com/ian-small/chloe) outperforms currently existing annotation 

applications in accuracy and speed, and almost always produces high quality 

annotation for plastomes, at least those from seed plants. ‘Chloe’, is alliterative with 

'chloroplast' and the original Greek name (Khlóē) refers to the young, green foliage 

or shoots of plants in spring. Using Chloe, the thousands of available plastomes 

were re-annotated and released in a new database 

(https://chloe.plantenergy.edu.au/circos.html#). This novel annotation tool and the 

https://chloe.plantenergy.edu.au/
https://github.com/ian-small/chloe
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resulting high quality annotations covering a wide range of species are valuable 

resources for future studies in phylogenomics and comparative genomics. 

Method 

Gold standard references 

A manually curated annotation reference set was built, covering a wide taxonomic 

range of land plants. Currently, the database contains high-quality annotations of the 

chloroplast genomes of 19 model plants (Table 6). These species represent the 

phylogenetic diversity of land plants, including the major lineages within the clade: 

hornworts, liverworts, mosses, ferns, lycophytes, gymnosperms, early angiosperms, 

eudicots and monocots (Figure 18). The gold-standard annotation from these 

organisms is anticipated to provide relatively reliable annotation evidence to closely 

related species. Moreover, most of these organisms have sufficient RNA-Seq data 

for exon-intron boundary verification. In addition, most species are extensively 

studied plants and thus other experimental evidence is often available. Altogether, 

these model plants offer useful information to assist plastome annotation on a large 

scale, and provide insights relevant to other organisms in areas such as chloroplast 

genome evolution and biogenesis etc. 

 
Table 6. Genome and RNA-Seq data accessions of 19 land plants. 

 

https://en.wikipedia.org/wiki/Hornwort
https://en.wikipedia.org/wiki/Liverwort
https://en.wikipedia.org/wiki/Moss
https://en.wikipedia.org/wiki/Fern
https://en.wikipedia.org/wiki/Lycophyte
https://en.wikipedia.org/wiki/Gymnosperm
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Figure 18. The NCBI taxonomy tree of 19 land plants including 13 seed plants.  

(https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi). 

 

The annotation verification and correction is based on a variety of evidence, 

including RNA-seq read support, orthologous sequence alignment, conserved motifs 

at the ends of introns (5’-GTGYG, 3’-AY) (Zimmerly & Semper, 2015), proteomics 

data from the Plant Proteome DataBase (PPDB, http://ppdb.tc.cornell.edu) and 

previously reported studies with experimental evidence. Mapping of RNA-seq reads 

(Table 6) to a genome is critical for identifying and validating all exon–intron 

boundaries whenever possible. Additionally, the RNA-Seq data of Marsilea was 

newly generated by our group. Although most data sets were not sequenced initially 

with organelles in mind due to Poly(A) RNA Selection, high-coverage plastid reads 

usually exist. I mapped RNA-Seq reads to genome sequences with BBMap 

(ambiguous=random; version 38.51, https://sourceforge.net/projects/bbmap/), 

multiple sequence alignment (MSA) was done using MAFFT (--reorder, --clustalout; 

v7.407) (Katoh & Standley, 2013), and read mappings were displayed in Geneious 

(v.11.1.2) (Kearse et al., 2012). As our annotation algorithm identifies initial exons 

independently, some exons were split into multiple fragments corresponding to the 

https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi
http://ppdb.tc.cornell.edu/
https://sourceforge.net/projects/bbmap/
https://paperpile.com/c/aWBKGF/T3k3K
https://paperpile.com/c/aWBKGF/AcIgB
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individual exons of orthologous multi-exon genes, including clpP1, rpl2, rpoC1, 

rps12B and rrn23 (Table 7). 

 
Table 7. Summary of exon number of multi-exon genes. 

 
 

Unsurprisingly, I found dozens of errors existing in these GenBank annotations 

(Table 8). In the Ginkgo annotation, 38% (45) of the total unique genes (118) were 

corrected. Even for the Arabidopsis annotation, 13 genes were found to be 

incorrectly annotated. The errors include incorrect start codons for protein-coding 

genes, incorrect ends for rRNA or tRNA genes, incorrect splice sites for multi-exon 

genes, genes missed or incorrect strands. 
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Table 8. The genes from the current GenBank database with errors. 

 

A novel annotation approach (Chloe) 

Developer contributions 

Chloe was largely designed and developed by my supervisors Prof. Ian Small and 

Dr. Julian Tonti-Filippini. My role was to prepare high-quality annotation references, 

test the software thoroughly and provide feedback on its accuracy and performance. 

This software went through multiple rounds of evaluations and revisions based on 

design errors and bugs that I discovered in the earlier versions. 

Algorithm 

Chloe is programmed in Julia (Version 1.2.0) and functions as shown in Fig. 19 
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Figure 19. A diagram depicting the annotation pipeline Chloe. It takes as input the assembled 

genome sequence that is to be annotated, a set of reference genomes and their annotations, and a 

list of templates (Table 9) for the features to be annotated. Templates contain prior expectations about 

the features, including their order with respect to other features and their typical length. Chloe carries 

out three sequential steps: whole genome alignments, annotation projection and gene model 

prediction and refinement. 

Table 9. Features templates 

Feature Depth 
threshold 

Coverage 
threshold 

Median 
length 

accD/CDS/1 0.1 0.5 1476 

atpA/CDS/1 0.2 0.5 1525 

atpB/CDS/1 0.2 0.5 1496 

atpE/CDS/1 0.2 0.5 402 

atpF/CDS/1 0.2 0.5 145 

atpF/CDS/2 0.2 0.5 410 

atpF/intron/1 0.1 0.1 746 

atpH/CDS/1 0.2 0.5 246 

atpI/CDS/1 0.2 0.5 744 

ccsA/CDS/1 0.2 0.5 966 

cemA/CDS/1 0.2 0.5 690 

chlB/CDS/1 0.2 0.5 1542 

chlL/CDS/1 0.2 0.5 876 

chlN/CDS/1 0.2 0.5 1402 

clpP1/CDS/1 0.2 0.5 71 

clpP1/CDS/2 0.2 0.5 292 
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clpP1/CDS/3 0.2 0.5 228 

clpP1/intron/1 0.1 0.1 811 

clpP1/intron/2 0.1 0.1 633 

cysA/CDS/1 0.2 0.5 1130 

cysT/CDS/1 0.2 0.5 867 

infA/CDS/1 0.2 0.5 234 

matK/CDS/1 0.2 0.5 1527 

ndhA/CDS/1 0.2 0.5 553 

ndhA/CDS/2 0.2 0.5 539 

ndhA/intron/1 0.04 0.04 1072 

ndhB/CDS/1 0.2 0.5 777 

ndhB/CDS/2 0.2 0.5 756 

ndhB/intron/1 0.1 0.1 683 

ndhC/CDS/1 0.2 0.5 363 

ndhD/CDS/1 0.2 0.5 1504 

ndhE/CDS/1 0.2 0.5 306 

ndhF/CDS/1 0.2 0.5 2232 

ndhG/CDS/1 0.2 0.5 531 

ndhH/CDS/1 0.2 0.5 1182 

ndhI/CDS/1 0.2 0.5 504 

ndhJ/CDS/1 0.2 0.5 477 

ndhK/CDS/1 0.2 0.5 705 

petA/CDS/1 0.2 0.5 963 

petB/CDS/1 0.2 0.5 6 

petB/CDS/2 0.2 0.5 642 

petB/intron/1 0.1 0.1 781 

petD/CDS/1 0.2 0.5 8 

petD/CDS/2 0.2 0.5 475 

petD/intron/1 0.1 0.1 738 

petG/CDS/1 0.2 0.5 114 

petL/CDS/1 0.2 0.5 96 

petN/CDS/1 0.2 0.5 90 

psaA/CDS/1 0.2 0.5 2253 

psaB/CDS/1 0.2 0.5 2205 

psaC/CDS/1 0.2 0.5 246 

psaI/CDS/1 0.2 0.5 111 

psaJ/CDS/1 0.2 0.5 135 

psaM/CDS/1 0.2 0.5 93 

psbA/CDS/1 0.2 0.5 1062 

psbB/CDS/1 0.2 0.5 1526 

psbC/CDS/1 0.2 0.5 1386 

psbD/CDS/1 0.2 0.5 1062 
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psbE/CDS/1 0.2 0.5 252 

psbF/CDS/1 0.2 0.5 120 

psbH/CDS/1 0.2 0.5 222 

psbI/CDS/1 0.2 0.5 111 

psbJ/CDS/1 0.2 0.5 123 

psbK/CDS/1 0.2 0.5 186 

psbL/CDS/1 0.2 0.5 117 

psbM/CDS/1 0.2 0.5 105 

psbN/CDS/1 0.2 0.5 132 

psbT/CDS/1 0.2 0.5 108 

psbZ/CDS/1 0.2 0.5 189 

rbcL/CDS/1 0.2 0.5 1428 

rpl2/CDS/1 0.2 0.5 391 

rpl2/CDS/2 0.2 0.5 434 

rpl2/intron/1 0.1 0.1 665 

rpl14/CDS/1 0.2 0.5 369 

rpl16/CDS/1 0.2 0.5 9 

rpl16/CDS/2 0.2 0.5 399 

rpl16/intron/1 0.1 0.1 1042 

rpl20/CDS/1 0.2 0.5 360 

rpl21/CDS/1 0.2 0.5 356 

rpl22/CDS/1 0.2 0.5 456 

rpl23/CDS/1 0.2 0.5 282 

rpl32/CDS/1 0.2 0.5 168 

rpl33/CDS/1 0.2 0.5 201 

rpl36/CDS/1 0.2 0.5 114 

rpoA/CDS/1 0.2 0.5 1014 

rpoB/CDS/1 0.2 0.5 3215 

rpoC1/CDS/1 0.2 0.5 432 

rpoC1/CDS/2 0.2 0.5 1618 

rpoC1/intron/1 0.1 0.1 757 

rpoC2/CDS/1 0.2 0.5 4154 

rps2/CDS/1 0.2 0.5 711 

rps3/CDS/1 0.2 0.5 657 

rps4/CDS/1 0.2 0.5 606 

rps7/CDS/1 0.2 0.5 468 

rps8/CDS/1 0.2 0.5 405 

rps11/CDS/1 0.2 0.5 417 

rps12A/CDS/1 0.2 0.5 114 

rps12B/CDS/1 0.2 0.5 232 

rps12B/CDS/2 0.1 0.2 26 

rps12B/intron/1 0.1 0.1 536 
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rps14/CDS/1 0.2 0.5 303 

rps15/CDS/1 0.05 0.5 273 

rps16/CDS/1 0.2 0.5 40 

rps16/CDS/2 0.2 0.5 227 

rps16/intron/1 0.1 0.1 860 

rps18/CDS/1 0.2 0.5 306 

rps19/CDS/1 0.2 0.5 279 

rrn4.5/rRNA/1 0.2 0.5 103 

rrn5/rRNA/1 0.2 0.5 121 

rrn16/rRNA/1 0.2 0.5 1491 

rrn23/rRNA/1 0.2 0.5 2610 

rrn23/intron/1 0.1 0.1 684 

rrn23/rRNA/2 0.2 0.5 199 

trnA-UGC/intron/1 0.1 0.1 808 

trnA-UGC/tRNA/1 0.4 0.7 38 

trnA-UGC/tRNA/2 0.4 0.7 35 

trnC-GCA/tRNA/1 0.4 0.7 71 

trnD-GUC/tRNA/1 0.4 0.7 74 

trnE-UUC/tRNA/1 0.4 0.7 73 

trnF-GAA/tRNA/1 0.4 0.7 73 

trnfM-CAU/tRNA/1 0.4 0.7 74 

trnG-GCC/tRNA/1 0.4 0.7 71 

trnG-UCC/intron/1 0.1 0.1 698 

trnG-UCC/tRNA/1 0.4 0.7 23 

trnG-UCC/tRNA/2 0.4 0.7 48 

trnH-GUG/tRNA/1 0.4 0.7 75 

trnI-CAU/tRNA/1 0.4 0.7 74 

trnI-GAU/intron/1 0.1 0.1 946 

trnI-GAU/tRNA/1 0.4 0.7 37 

trnI-GAU/tRNA/2 0.4 0.7 35 

trnK-UUU/intron/1 0.1 0.1 2515 

trnK-UUU/tRNA/1 0.4 0.7 37 

trnK-UUU/tRNA/2 0.4 0.7 35 

trnL-CAA/tRNA/1 0.4 0.7 81 

trnL-UAA/intron/1 0.1 0.1 510 

trnL-UAA/tRNA/1 0.4 0.7 35 

trnL-UAA/tRNA/2 0.4 0.7 50 

trnL-UAG/tRNA/1 0.4 0.7 80 

trnM-CAU/tRNA/1 0.4 0.7 73 

trnN-GUU/tRNA/1 0.4 0.7 72 

trnP-GGG/tRNA/1 0.4 0.7 74 

trnP-UGG/tRNA/1 0.4 0.7 74 
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trnQ-UUG/tRNA/1 0.4 0.7 72 

trnR-ACG/tRNA/1 0.4 0.7 74 

trnR-CCG/tRNA/1 0.4 0.7 74 

trnR-UCU/tRNA/1 0.4 0.7 72 

trnS-GCU/tRNA/1 0.4 0.7 88 

trnS-GGA/tRNA/1 0.4 0.7 87 

trnS-UGA/tRNA/1 0.4 0.7 93 

trnT-GGU/tRNA/1 0.4 0.7 72 

trnT-UGU/tRNA/1 0.4 0.7 73 

trnV-GAC/tRNA/1 0.4 0.7 72 

trnV-UAC/intron/1 0.1 0.1 591 

trnV-UAC/tRNA/1 0.4 0.7 39 

trnV-UAC/tRNA/2 0.4 0.7 35 

trnW-CCA/tRNA/1 0.4 0.7 74 

trnY-GUA/tRNA/1 0.4 0.7 84 

ycf1/CDS/1 0.1 0.3 5575 

ycf2/CDS/1 0.1 0.3 6845 

ycf3/CDS/1 0.2 0.5 124 

ycf3/CDS/2 0.2 0.5 230 

ycf3/CDS/3 0.2 0.5 153 

ycf3/intron/1 0.1 0.1 727 

ycf3/intron/2 0.1 0.1 740 

ycf4/CDS/1 0.05 0.5 555 

ycf12/CDS/1 0.2 0.5 102 

ycf66/CDS/1 0.2 0.5 106 

ycf66/CDS/2 0.2 0.5 311 

ycf66/intron/1 0.1 0.1 514 
 

Alignment 

Chloe uses suffix arrays for fast alignment of exact matches between two genomes. A prefix 

of a string (e.g. ‘ATCG’) is a contiguous sequence of characters (substring) within 

the string ‘ATCG’ that occurs at the beginning, including ‘A’, ‘AT’, ‘ATC’, ‘ATCG’. A 

suffix of a string is a substring that occurs at the end, including ‘ATCG’, ‘TCG’, ‘CG’, 

‘G’ and their starting positions 1, 2, 3, 4. A suffix array is a list of the starting 

positions of the suffixes, sorted by their alphabetical order (Shrestha et al. 2014). For 

instance, the suffix array of ‘ATCG’ is 1, 3, 4, 2. A suffix array is a simple, effective 

data structure and is popularly applied to bioinformatics applications, such as the 

pairwise sequence alignment tool MUMmer4 (Marçais et al. 2018). Chloe’s 

alignment phase proceeds as follows: 

https://paperpile.com/c/aWBKGF/Uau1
https://paperpile.com/c/aWBKGF/Uau1+vyjR
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•   align by merging sorted suffix arrays; treat each strand independently 

•   derive alignment blocks from longest common prefixes of aligned suffixes 

•   fill gaps between aligned blocks by searching for shorter matches 

•   merge adjacent aligned blocks that are equidistant in both genomes 

The result is a set of alignment blocks linking two genomes. Each alignment block 

may contain mismatches but not gaps. 

Transfer annotations 

•   for each annotated feature, transfer the intersections between the annotation and 

the aligned blocks (Figure 20) 

•   transferred annotations carry a record of the offsets from the 5’ and 3’ ends of the 

features they derive from, and the phase (if the feature is a coding sequence CDS) 

•   construct annotation ‘stacks’ as follows: for each nucleotide in the genome, count 

the number of transferred annotations of each feature type that align at that position 

•   align a feature template (Table 9) to each annotation stack 

•   construct a new annotation feature on the target genome based on the aligned 

template 

•   refine the boundaries of the feature by predicting the edges based on the 5’ and 3’ 

offsets in the transferred annotations  
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Figure 20.  A schematic diagram depicts feature annotation transfer. 

Construct gene models 

•   collect related features into gene models 

•   if a CDS, calculate the likely reading phase of the last exon (using the phases of 

the transferred annotations) and find the most probable stop codon, including codons 

that can be converted to typical stop codons by RNA editing 

•   check features that should be exactly adjacent (e.g. at intron-exon boundaries) 

are indeed adjacent, and if not, calculate where the boundary should be using both 

the corresponding annotation stacks 

•   verify that consecutive CDS exons are in phase 

•   if a CDS, find the most likely start codon, including ‘ACG’ codons that can be 

converted to start codons by RNA editing, and GTG codons that are known to act as 

start codons for some chloroplast genes. 

Comparison of the annotators 

We conducted comparisons between Chloe and several other available tools, 

including GeSeq (v1.77; https://chlorobox.mpimp-golm.mpg.de/geseq.html), 

CPGAVAS2 (last updated: March 31st, 2019; 

http://47.90.241.85:16019/analyzer/home) and PGA (downloaded on November 16th 

2019; https://github.com/quxiaojian/PGA), excluding DOGMA and Verdant. DOGMA 

(http://dogma.ccbb.utexas.edu) is no longer accepting new users and will not be 

available for use in the near future. Verdant focuses on phylogenetic applications 

and is recommended by the developers as a complement to other tools designed for 

functional studies of plastome biology (McKain et al., 2017). Moreover, Verdant was 

not superior than the above annotators in my preliminary tests (data not shown), and 

the web application was not user friendly 

(http://verdant.iplantcollaborative.org/plastidDB/). Currently, the web is not working 

(last accessed 6th July 2020). 

 

Our 19 annotation references were used as controls to evaluate the above 

annotators. When Chloe or PGA was used to annotate one of these 19 as a target 

genome, the annotation reference of the target was removed from the reference set 

and the default settings were used. Chloe and PGA were executed on a MacBook 

http://47.90.241.85:16019/analyzer/home
http://dogma.ccbb.utexas.edu/
https://paperpile.com/c/aWBKGF/GjWdU
http://verdant.iplantcollaborative.org/plastidDB/
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Pro with Intel Core i5 CPU containing 2 cores of 2.7 GHz and a total of 8 GB of 

RAM. For GeSeq, the settings ‘BLAT search’, ‘HMMER profile search’, ‘ARAGORN 

v1.2.38’ with ‘Fix intron’, ‘tRNAscan-SE v2.0.3’ and ‘MPI-MP chloroplast reference 

set’ were activated, and other parameters were set to the defaults. For CPGAVAS2, 

the reference dataset option was set as ‘43 plastomes’, and other parameters were 

left as defaults. Note that Chloe is also able to annotate fragments or genomes in 

non-canonical configurations, because the algorithm transfers features 

independently and then constructs gene models as described above. 
 

The new annotations produced by these applications and the references were 

imported into Geneious (v.11.1.2) to display and visually inspect. Annotation errors 

were classified into the following categories: ‘gene missed’, ‘gene end’, ‘start codon’, 

‘splice site’ and ‘gene name’.  

Results 

Annotator comparison 

Execution, speed, memory and implementation 

Though all the tools are user-friendly in execution, CPGAVAS2 can process only one 

sequence, whilst GeSeq can accept batch submissions and process multiple 

sequences consecutively (Table 10). In contrast to these web applications, it is more 

flexible and efficient for Chloe and PGA to run a number of annotation jobs via the 

command line consecutively. In terms of speed and memory, Chloe is fastest (~21s 

per genome), while PGA, as a standalone command line tool with BLAST as 

alignment engine, is also rapid and quite efficient. In contrast, CPGAVAS2 and 

GeSeq are slow, given their use of various third party softwares. Chloe uses 19 

curated references (see methods), whilst CPGAVAS2 employs 34 references 

validated with RNA-Seq data. PGA requires well‐annotated reference plastomes but 

only comes with two references, requiring users to feed it carefully checked 

reference data (Qu et al., 2019). Overall, Chloe is a lightweight, fast and user-friendly 

plastome annotation application in comparison to the other tools available. 

https://paperpile.com/c/aWBKGF/BWWX
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Table 10. Comparison of tools based on implementation, speed and memory. 

  

Accuracy in seed plants 

To compare accuracy, the annotation produced by these tools for the 19 genomes 

were compared against my manual annotation. Any errors or inconsistencies were 

recorded and summarized in the table below (Table 11, Table 12). In conclusion, the 

accuracy for annotation increases in the order: GeSeq < CPGAVAS2 < PGA <<< 

Chloe. 
Table 11. The number of errors made by the annotators used. 
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Table 12. Errors made in the annotation of Arabidopsis plastome. 

 

Errors are characteristic of the software used 

The most common error made by PGA is the identification of start codons (Table 

13), exemplified by the annotation of rpoC2 (Figure 21), probably because the 

algorithm used by PGA tends to identify the ‘ATG’ closest to the first detected 

upstream in-frame stop codon. CPGAVAS2 has improved the annotation of several 

small exons (petB, petD and rpl16), by using the sequence conservation of the 5’ 

UTR. The splice site annotation accuracy of CPGAVAS2 is rather lower than Chloe 

and PGA, while still better than GeSeq, probably aided by the reference dataset of 

CPGAVAS2 curated with RNA-seq data. GeSeq performed relatively better in 

identifying atypical start codons of flowering plant genomes, given GeSeq allows 

‘ATG’, ‘GTG’, ‘ACG’ or ‘TTG’ as start codons, and the reference sequence database 

of GeSeq takes RNA editing into account. GeSeq, however, failed to accurately 

define most splice sites of all organisms tested, for example 15/23 (the number of 

genes with incorrectly identified splice sites/the number of multi-exon genes) in 
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Arabidopsis, 15/21 in Oryza or 15/22 in Zamia. Moreover, GeSeq underperformed in 

the annotation of early-branching angiosperms and gymnosperms. Without 

sophisticated techniques to accurately predict splicing sites and feature ends, GeSeq 

cannot generate high-quality annotation, particularly for divergent genomes. In 

contrast, Chloe is capable of achieving almost completely accurate annotation, 

except for a few ‘difficult’ genes with poorly conserved termini such as accD, ndhB or 

rpl22. 
Table 13. The number of error subtypes made by the annotators used. 

 

Difficult genes as specific cases 

All petB, petD and rpl16 genes of the 19 genomes within our reference database 

have small first exons with lengths of 6, 8 and 9 nt long, respectively. These are too 

short to be annotated using similarity-based methods, such as BLAST, if only the 

coding sequence is taken into account. Consequently, several annotators solely 

based on BLAST or BLAST-Like aligners cannot detect these small exons, such as 

DOGMA and GeSeq. As Chloe uses sequence conservation of all sequences, 

coding or non-coding, to identify features, we accurately identified all of these exons, 

while GeSeq failed to identify any of them (Figure 21). CPGAVAS2 can accurately 

predict small exons for flowering plants excluding the early branching angiosperms 

Amborella, Nymphaea and Liriodendron. Compared to CPGAVAS2, PGA has 

improved performance on the exons of the early branching flowering plants and 

gymnosperms, but cannot detect the extremely divergent exons of petB and petD of 

Gnetum. For the start codon of rpoC2 genes (which are supported by proteomics 

data and sequence conservation) GeSeq, CPGAVAS2 and PGA underperformed 

(Figure 21). For the splice sites of trnG-UCC supported by RNA-Seq data, these 

tools could not consistently accurately identify the exon-intron boundaries, 

particularly for the early branching flowering plants and gymnosperms. In short, this 

https://en.wikipedia.org/wiki/Flowering_plant


 
 

 
           86 

accuracy evaluation demonstrates Chloe is the most accurate plastome annotation 

tool currently available, with no or little post‐annotation verification necessary. 

 
Figure 21. Comparison of annotation accuracy on small exons, start codons and splice sites. (a-

c) Gold standard references are relative to features predicted by Chloe, PGA, GeSeq and CPGAVAS2, 

respectively; (d) the alignment of 19 rpoC2 reference sequences exhibits the conservation at the gene 

start region; the amino acids with a grey background are supported by proteomics data from PPDB 

(http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27300); (e) the splice site of trnG-UCC is supported 

(a) small exons of petB, petD and rpl16 of Arabidopsis, Amborella and Gnetum

petB

petD

rpl16 

Arabidopsis Amborella Gnetum

(d) rpoC2 protein sequence alignment (e) RNA-Seq reads mapped at the splice site of the trnG-UCC

(b) start codons of Arabidopsis, Amborella and Gnetum rpoC2 

(c) 5’ splice sites of Arabidopsis, Amborella and Gnetum trnG-UCC

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?id=27300
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by RNA-Seq junction reads. 

The remaining issues 

The current version of our annotation tool Chloe cannot completely recover a few 

genes of the gold-standard gene set in some organisms, including accD, ndhB, 

ndhK, rpl22, rpoA and psaM, etc. The challenges are caused by two main factors: 

non-conserved start codons in reference annotations, and non-conserved sequences 

at exon boundaries in the target genome. For instance, accD gene sequences are 

non-conserved (Figure 22), particularly for start codons; only the start codon of 

Arabidopsis accD is directly validated by available proteomics data; the other start 

codons remain putative. Intriguingly, this implies the start codon of accD has 

changed during the evolution of land plants, which also suggests a possible change 

in the control of the initiation of translation. For example, Chloe and CPGAVAS2 

predicted an internal ‘ATG’ as a start codon in the Medicago plastome (Figure 22). In 

contrast, GeSeq and PGA predicted the (presumed) correct start codon. Two in-

frame ‘ATG’ codons exist in the start region of ndhB genes of the flowering plant 

plastomes (Figure 23). The genuine start codon within these genomes needs to be 

verified by experimental data. For the ndhB of Medicago, Zamia and Gingko, the 

start codon predicted by Chloe is inconsistent with the reference while compatible 

with or close to the upstream ‘ATG’, but an internal in-frame stop codon is present in 

the extension, indicating the true start is very likely the downstream one. It is 

possible that translation of ndhB starts at this downstream ATG in all plants (in which 

case my reference annotations are incorrect), but this requires experimental 

validation. Likewise, a lack of experimental data for validating the reference 

annotations causes challenges in interpreting the annotations produced for the 

extremely divergent rpl22 gene (Figure 24). 
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Figure 22. accD conservation and annotations. (a) Alignment of the putative N termini of AccD 

protein sequences from the reference set; the erroneous start codon predicted by Chloe is marked by 

a red triangle. (b) Arabidopsis accD protein sequences and amino acids (red letters) supported by 

proteomics data (http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?acc=ATCG00500); (c) Medicago 

(a) Alignment of accD genes

(b) Amino acids of Arabidopsis accD supported by proteomics  data

(c) Medicago accD annotations

http://ppdb.tc.cornell.edu/dbsearch/gene.aspx?acc=ATCG00500
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reference and predicted accD genes. 

 
Figure 23. The alignment of the 5’ ends of ndhB reference genes illustrating inconsistent start 
codons predicted by Chloe. Two potential start codons in the 5’ region of ndhB are marked by red 

triangles, and internal in-frame stop codons in the ndhB genes of Medicago, Zamia and Ginkgo 

*

* *
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predicted by Chloe (Medicago_TEST, Zamia_TEST, Ginkgo_TEST) are marked by red asterisks.  

     

Figure 24. Reference rpl22 sequence alignment and predicted rpl22 annotations. (a) 18 rpl22 

coding sequences were aligned using MAFFT v7.305b (Katoh & Standley, 2013) and visualized using 

Geneious Prime v2019.0.4 (Kearse et al., 2012). The bars above the sequence indicate the pairwise 

identity over all pairs in that column (green indicates 100% identity, yellow indicates 30–80%, and red 

indicates below 30%). Shading indicates sequence similarity. (b) in the Spinacia genome, the start 

codon identified by Chloe and PGA is incorrect or at least inconsistent with the reference; (c) in the 

Amborella genome, the start and/or stop codons identified by GeSeq and CPGAVAS2 are incorrect. 

 

 

(a) Coding sequence alignment of rpl22 genes from the gold-standard gene set

(b) rpl22 start codons predicted by annotators
Spinacia 

Amborella

https://paperpile.com/c/aWBKGF/T3k3K
https://paperpile.com/c/aWBKGF/AcIgB
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Assembly quality effect on annotation accuracy 

Assembly errors are probably rare in published plastomes, but they indeed exist. 

Such errors located in or near coding features can mislead annotators. For instance, 

the small exon of petD in the annotation of Liriodendron tulipifera plastome 

(accession: NC_008326, length 159886 bp) was missed and could not be predicted 

correctly by Chloe, caused by an assembly error (Figure 25). The erroneous 

nucleotide insertion in the genome sequence could be shown to be incorrect by 

mapping RNA reads (accession: SRR8298316) or DNA reads (accessions: 

SRR4240983; ERR171443 ) from the same species to the genome sequence. 

Additionally, the two sets of total DNA reads were separately assembled to be a 

single circular contig (length 159891 bp, 159986 bp, respectively) using NOVOPlasty 

(v. 3.4), and the newly assembled sequences validate the proposed correction. 
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Figure 25. An assembly error exists in the plastome of Liriodendron tulipifera. The GenBank 

accession is NC_008326. (a) RNA-Seq reads mapped to the genome support the existence of the small 

exon of petD and indicate an incorrect insertion in this region; (b-c) DNA reads from the same species 

mapped to the genome validate the proposed correction; (d) The alignment of the original sequence 

(a) RNA-Seq reads ( accession: SRR8298316 ) mapped to the plastome

(b) DNA reads ( accession: SRR4240983) mapped to the plastome 

(c) DNA reads ( accession: ERR171443) mapped to the plastome 

(d) The region in the plastome and two newly assembled sequences
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and the two newly assembled sequences. 

Gene variation 

Interestingly, an insertion was found within the rrn23 gene of Zea mays plastome 

(NC_001666) and validated by comparing against a newly assembled contig (Figure 

26) extracted from a plastid contig pool generated by the assembler NOVOPlasty (v. 

3.4) using DNA reads from the same species (ERR3174148). Likewise, the insertion 

exists in the rrn23 genes of the other Zea (Zea perennis, NC_030300; Zea luxurians, 

NC_030301; Zea diploperennis, NC_030377) or monocots including Oryza sativa 

(NC_031333), Sorghum bicolor (NC_008602), Triticum aestivum (NC_002762) and 

Brachypodium distachyon (NC_011032). However, although the majority of DNA 

reads (ERR3174148) or RNA-Seq reads (SRR3089594) of Zea mays support the 

insertion, a few contradict. 
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Figure 26. rrn23 sequence alignment and read mapping. 

(a) Alignment of rrn23 genes from land plants and a newly assembled contig using Zea mays DNA 

reads; sequences were aligned using MAFFT v7.305b (Katoh & Standley, 2013) and visualized using 

Geneious Prime v2019.0.4 (Kearse et al., 2012). (b-c) the rrn23 gene from the Zea plastome 

(NC_001666) was mapped by DNA and RNA-Seq reads from the same species, respectively. 

 

(a) Alignment of rrn23 genes and a newly assembled sequence

(b) DNA reads (ERR3174148) mapped to the Zea plastome (NC_001666)

(C) RNA-Seq reads (SRR3089594) mapped to the Zea plastome (NC_001666)

https://paperpile.com/c/aWBKGF/T3k3K
https://paperpile.com/c/aWBKGF/AcIgB
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Chapter 4 - Large-scale Plastome Annotation and 

Assessment 

Introduction 

To our knowledge, a large-scale assessment of current plastome annotations has 

not been carried out thus far. The task is challenging but of great importance for 

improving future genome annotations and comparative or functional analysis. 

 

The plastome sequences of 3,714 seed plants were downloaded from NCBI 

Organelle Genome Resources (https://www.ncbi.nlm.nih.gov/genome/organelle/; 

accession date is 24th Oct 2019). For each genome, the annotation produced by our 

tool, Chloe, was compared against the GenBank annotation and PGA annotation. 

PGA is the only currently available command-line tool capable of automated and 

rapid annotation on a large scale. Moreover, it is user-friendly and relatively accurate 

according to our previous tests. In this chapter, the below questions are addressed:  

1. What proportion of GenBank annotations contain errors? 

2. Can automated software tools eliminate some of these errors? 

3. Do automated software tools introduce errors of their own? 

4. Which is better, PGA or Chloe? 

5. Is there a pathway to improving Chloe's error rate? 

 

This evaluation reveals the uneven quality of the present-day GenBank annotation, 

verifies the capability of Chloe to improve available plastome annotations, conveys 

useful information for further software development, and provides useful resources 

for large-scale genome sequencing projects and comparative genomics studies. 

https://www.ncbi.nlm.nih.gov/genome/organelle/
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Results 

Overview 

Gene/exon number and length 

Table 14 shows that the numbers of tRNA, rRNA and multi-exon genes, and the size 

of coding regions are consistent between the three annotations. The number of 

genes and gene/exon length identified by Chloe is quite similar to GenBank, while 

PGA found additional putative protein-coding genes that are usually short low-quality 

features described in detail below. Furthermore, GenBank and PGA annotations for 

some genomes include extra-long genes and exons that are certainly annotation 

errors. For instance, the GenBank Sedum genome (NC_026065) has an extremely 

long single-exon rrn4.5 annotation (109,899 nt). The PGA annotation (NC_036089) 

has an exceptionally long petB annotation (104,084 nt), with a long intron 

(104,072 nt) and two quite short exons (6 nt). 
Table 14. Average number/length of features of the three annotation sets. 

 

Annotation overlap 

I began by defining 3 categories of feature annotations that can be quantified in 

comparisons between annotation sets: ‘identical’ (the corresponding annotations in 

each set are identical), ‘partially overlapping’ (the corresponding annotations in each 

set overlap but are not identical) and ‘absent’ (the feature is only annotated in one of 

the annotation sets). Gene annotations from GenBank, PGA and Chloe were 

compared against each other. Chloe agreed more closely with GenBank, which if the 

Genbank annotations are taken as a reference, shows our approach has higher 

sensitivity (83.64% vs 79.98%) and specificity (83.20% vs 76.73%) than PGA (Table 

15, Figure 27). On average, GenBank annotations have >20 genes that differ from 
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the corresponding Chloe or PGA annotations. In general, the GenBank and PGA 

annotations diverge the most (Figure 28). The GenBank, PGA and Chloe 

annotations include 68,921, 58,491 and 23,238 genes respectively that are not fully 

recovered or missed completely by the others. The ‘absent’ genes specific to one 

annotation set are prone to be short, single-exon fragments (Table 16). 
Table 15. Genes fully recovered between the three annotation sets. 

 

 
Figure 27. Comparison of the percent of GenBank genes fully recovered by Chloe or PGA. 
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Figure 28. Venn diagram showing genes recovered between the annotations. The number within 

parentheses represents the ‘absent’ genes that have no overlap with any feature in the other annotation 

sets. 

Table 16. Comparison of ‘absent’ genes and all genes. 

 

What proportion of GenBank annotations contain errors? 

Gene annotation errors 

As one would hope, the large majority of ‘easy’ genes are identical between the 

three annotations, including atpA, atpE, atpH, atpI, ndhC, petA, petG, psaA, psaB, 

psaC, psaI, psbA, psbB, psbD, psbE, psbF, psbM, psbN, psbZ, rpl14, rpl33, rps4, 

rps8 and rps14 (Figure 29 ). Annotation inconsistencies are mainly found for ‘difficult’ 

genes, including multi-exon genes (petB, petD, rpl16, ndhA, ycf3, atpF, rpl2, rps16, 

rpoC1, clpP1, trnV-UAC, trnI-GAU, trnK-UUU), genes with an atypical or ambiguous 

start codon (psbC, ndhD, rps19), genes that diverge rapidly in sequence (infA, accD, 

ndhK, rpl22), pseudogenes or fragments. 
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Figure 29. Annotation overlaps. x-axis depicts the percentage of a gene with one overlap category. 

Four categories are as follows: (1) identical in all three annotation sets; (2-3) differs in 

GenBank/PGA/Chloe; (4) differs in both. 

Splice sites 

The petD and rpl16 annotations are almost always inconsistent between the 

annotation sets, given that the PGA approach cannot always accurately predict the 

small exons of petD and rpl16, and that these are often mis-annotated or absent in 

the GenBank annotations. 1,742 (48%) GenBank petD annotations were corrected 
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by Chloe to match the orthologous reference annotations (which are all extremely 

conserved with the same length, 483 nt). Of these cases, 704 GenBank petD 

annotations have correct gene termini, exon number but wrong CDS (e.g. 

NC_039763, NC_035729), and 403 GenBank petD annotations miss the small exon 

(e.g. NC_022133, NC_026568). The vast majority of GenBank errors occur at splice 

sites (e.g. trnV-UAC, ycf3, atpF, trnI-GAU, petB, ndhD, rpl2, clpP1, trnK-UUU, 

rps16). For instance, only 23% (676/2,940) of trnV-UAC annotations and 26% 

(927/3511) of ycf3 annotations in GenBank accord with PGA and Chloe, however, 

the latter two are generally identical and correct. Of the 3,645 GenBank atpF 

annotations, 2,249 (~62%) differ from the corresponding Chloe or PGA annotations. 

The GeneBank atpF errors are often present at the splice site where a short repeat 

‘GTGTGTGYG’ exists (e.g. ‘GTGTGTGTG’ in Arabidopsis atpF; bold font portrays 

the conserved start to the intron). Likewise, a similar sequence (‘TTTACTTCAC’) 

located at the acceptor splice junction of the trnI-GAU intron explains frequent 

erroneous intron-exon boundaries in the GenBank annotations. The splice site of 

GenBank petB is often incorrect, such as a 1nt shift (NC_041501, Figure 30), or a 

6nt extension at the 5’ of the 2nd exon (NC_036684). Coincidently, the 1nt shift does 

not change the original codon ‘GGT’, which causes challenges to traditional tools 

based solely on coding sequence conservation. Additionally, 4,088 (~61%) of 

GenBank rpl2 annotations differ from those of Chloe or PGA, which, in a majority of 

these cases (82%), arises from incorrect splice sites in the GenBank rpl2 

annotations. 

 

Figure 30. The petB splice site in GenBank accession NC_041501. The entire small exon is 

(a) The donor site

(b) The acceptor site
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missed by PGA and is not shown here. 

Gene ends 

The petD, rpl16 and rpl2 annotations are also prone to be wrong at gene boundaries 

in the GenBank and PGA annotation sets (Figure 31). For instance, the GenBank 

petD annotations in accessions NC_029829 and NC_042726 contain an extension 

beyond the genuine stop codon (‘CAA’), without taking a potential RNA editing event 

into account. When start codons are atypical (e.g. ‘GTG’, ‘ACG’), regular approaches 

(including PGA) used for GenBank annotations tend to arbitrarily define a nearby in-

frame ‘ATG’ as the start codon without considering available experimental evidence 

or RNA editing. The largest discrepancy concerns the psbC genes where 3,434 

(94.42%) have an incorrect start codon indicated in the GenBank annotations rather 

than the experimentally determined ‘GTG’ codon that is actually used (Kuroda et al., 

2007). In contrast, Chloe and PGA annotate these psbC genes correctly in most 

cases. Another common error made by GenBank and PGA is the identification of the 

start codons of ndhD (e.g. NC_042146, NC_037955 and NC_039592, Figure 32), 

rpoC2, rps19, rbcL, psbH, psbJ, etc. Many GenBank and PGA rrn23 genes are 

incorrect, although the differences are normally related to just a few nucleotides at 

the feature boundaries.  

https://paperpile.com/c/aWBKGF/3UJC
https://paperpile.com/c/aWBKGF/3UJC
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Figure 31. Percent of a gene with different ends. GenBank annotations were used as references. x-

axis depicts the percentage of a gene with different ends in one category. Three categories are as 
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follows: (1) differs in both; (2-3) differs in PGA/Chloe. 

 
Figure 32. Comparison of ndhD starts. ndhD sequences from references and the GenBank 

accessions NC_042146, NC_037955 and NC_039592 are shown. Grey background depicts an 

extension or a deletion compared to the expected start codon (‘ATG’/‘ACG’). ‘GB’ marks ‘GenBank’. 

Wrong strands 

Amazingly, GenBank annotations on the wrong strand are not unusual. These errors 

include 342 rrn16, 298 rrn4.5, 264 rrn23 and 23 rrn5 annotations, despite the fact 

that they are typically very conserved and can be easily and accurately annotated 

(Figure 33).  Of these cases, the strand of 17 rrn16 and 21 rrn23 annotations differs 

from the Chloe annotations only, given PGA missed these genes. Other similar 

errors mainly affect tRNA genes. The fact that strand errors are usually found in 

rRNA and tRNA annotations is probably because such errors in protein-coding 

genes are easier to catch because the translation of the feature would immediately 

reveal the error. Moreover, careless annotation checks can lead to error propagation, 

as seen in Carpinus genomes (NC_039934, NC_039935 and NC_039938), Ipomoea 

geomes (NC_042936, NC_042937 and NC_042938), and Ulmus genomes 

(NC_032718, NC_032719 and NC_032720). These genomes were sequenced by 

the same researchers and contain identical rrn strand errors. Additionally, 33 

GenBank rpl36 annotations are incorrect in both strand and position. 
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Figure 33. Annotations located on different strands. GenBank annotations were used as references. 

Non-functional features 

The largest group of features present in GenBank annotations but absent from PGA 

and Chloe corresponds to the putative ycf15 gene (1,740), However, ycf15 has been 

shown to be a non-functional (or at least non-coding) feature (C. Shi et al., 2013), 

and thus is correctly not annotated by Chloe and PGA. Likewise, another 1005 

GenBank features are assigned as hypothetical ORFs and not annotated by Chloe 

or PGA. ycf1 fragments are wrongly annotated as the functional ycf1 gene in the 

Populus and Salix GenBank accessions, including NC_037414, NC_037415, 

NC_037416, NC_037417, NC_037419, NC_037420, NC_037421, NC_037424, 

NC_037425, NC_037426, NC_037427, NC_037428, NC_037429, NC_044462. 

Populus and Salix belong to the same genus Saliceae and these genomes were 

submitted by the same researchers, implying the errors are due to a systematic error 

on their part.  

Nomenclature 

Within the GenBank annotations a variety of different names have been used for 

orthologous genes across different organisms, which prevents from large-scale 

https://paperpile.com/c/aWBKGF/Le2D
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comparative analysis if gene names (beside gene models) are took into account. For 

example, the trnA-UGC gene is variously named trnA, trnA-UGC, trnA-TGC, tRNA-

Ala, etc. To mitigate the issues caused by inconsistent nomenclature in GenBank 

annotations, I standardised some of them wherever possible to match the standard 

names used by Chloe and PGA. In total, 24,000 (5.14%) out of 466,500 GenBank 

names were standardized, whilst another 22,932 names (4.92%) were unable to be 

dealt with automatically. These 22,932 gene annotations include 12,371 annotations 

lacking a gene name tag (/gene=”XX”) and hundreds of tRNA genes lacking an 

annotated anticodon. Note that the standardisation of nomenclature is only needed 

for the GenBank annotations to facilitate the comparison between GenBank 

annotations and those generated by the annotation tools. Chloe and PGA generate 

correct, standardised names for all features. 

Erroneous genomes 

In 3,188 (85.86%) of the 3,713 GenBank annotation sets, >80% of the gene 

annotations agree with the corresponding Chloe and/or PGA annotations. Figure 34 

shows the 50 genomes with the lowest percentages of gene annotations that are 

identical between GenBank and Chloe or PGA. Some of these are due to clear 

errors within the GenBank records. For instance, the Codonopsis accession 

NC_037949 (length: 403704 bp) is a mitochondrial genome, and the Brassica 

accession NC_015139 contains an assembled sequence but no annotations. 
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Figure 34. Annotation overlaps. x-axis depicts the percentage of genes from each genome belonging 

to an overlap category. The 50 annotations with the lowest quality are shown. 

False-negative errors 

The Semiaquilegia genome (NC_039743) contains 50 genes, while the PGA and 

Chloe annotations contain 134 and 128 genes respectively (of which 114 are 

identical). Moreover, closely related genomes typically contain ~130 genes (D.-F. Xie 

et al., 2018), supporting Chloe and PGA. The Oryza sativa genome (NC_008155) 

was published over 10 years ago, and the annotation set is rather low-quality, 

comprising only 64 protein-coding genes. In contrast, Chloe and PGA identified ~130 

genes and most are identical, and accord with other Oryza annotations 

(https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/Oryza). Likewise, the 
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https://paperpile.com/c/aWBKGF/2rtw
https://paperpile.com/c/aWBKGF/2rtw
https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/Oryza
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Abies GenBank annotation set (NC_039582) comprises only 64 protein-coding 

genes, compared to ~114 genes found by Chloe and PGA, or ~112 genes of other 

Abies GenBank annotations 

(https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/Abies).  

False-positive errors 

The Pinus plastomes (NC_004677, NC_001631) are annotated respectively as 

containing 311 or 160 genes, however, only 90-100 genes are consistent with Chloe 

or PGA. Meanwhile, these false-positive GenBank genes are not supported by other 

available Pinus genomes, most containing only ~110 genes 

(https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/pinus).  

Systematic errors 

The Castanopsis genome (NC_033409) contains 127 GenBank gene annotations, 

yet the majority of those disagree with Chloe and PGA, due to erroneous gene 

boundaries. Similarly, numerous gene annotations in the following GenBank records 

(Ficus, NC_028185; Zostera NC_036014; Saccharum NC_034802; Schisandra 

NC_034908) have an extra extension beyond the authentic start codon or a minor 

shift. 

Difficult genomes 

The remaining genomes where annotation discrepancies abound are mainly the 

divergent genomes of holoparasitic, mycoheterotrophic or carnivorous plants that 

have lost (or are losing) photosynthetic functionality, including Pilostyles with the 

smallest plastomes (genome size: 11,348bp (NC_029235), 15,167bp (NC_029236)), 

Hydnora visseri (NC_029358), Cytinus hypocistis (NC_031150), Orobanche 

austrohispanica (NC_031441), Epipogium roseum (NC_026448) and Gastrodia elata 

(NC_037409). These genomes are very difficult to accurately annotate by any 

currently available computational tools including PGA and Chloe. For these 

genomes, PGA recovered more GenBank-annotated genes but generated many 

more spurious annotations (Figure 35). 

https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/Abies
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Figure 35. Venn diagrams showing the overlaps between annotations for highly divergent plastid 
genomes. 

 

In brief, this comparison indicates that the existing GenBank annotations contain 

systematic errors in a very high proportion of the entries. Apart from the Triodia 

records that we submitted, I found that every single GenBank chloroplast genome 

record has at least one error. These errors presumably arose through incautious 

application of the previous generation of imperfect annotation tools, through 
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ignorance of the relevant experimental evidence or through lack of rigorous quality 

control. 

Can automated software tools eliminate some of these errors? 

Chloe and PGA generate clean, standard and consistent nomenclature, which is 

essential for comparative genomics analysis. Furthermore, in general, Chloe can 

consistently correct most of the annotation errors, whilst PGA achieves this for some 

genes. 

Do automated software tools introduce errors of their own? 

PGA  

Although PGA has increased the capability of identifying the small exon of petB, 

PGA almost never accurately predicts petD or rpl16, probably due to a systematic 

defect (Figure 29). As described earlier, PGA neglects atypical start codons or 

potential RNA-editing events when an ‘ATG’ triplet exists nearby. Consequently, 

psbC, ndhD, rpl2, rpoC2, rps19, rbcL, psbH, psbJ, etc. are prone to be incorrectly 

annotated by PGA (Figure 29). Surprisingly, most PGA rrn23 genes are incorrect, 

probably owing to a software defect in merging close alignment blocks. Only 30 of 

152 psaM GenBank genes are recovered by both PGA and Chloe, indicating this 

gymnosperm gene is particularly difficult for these tools. In contrast to Chloe, 

although PGA is relatively sensitive (78.29% vs 28.29%) in identifying the GenBank 

psaM genes, the specificity is quite low (5.89% vs 69.35%). PGA also underperforms 

for other genes found in gymnosperms but lost from angiosperms (trnP-GGG, chlN, 

ycf12, chlL and chlB), and often found a considerable number of false-positive 

fragments (Figure 36). For example, the chlN genes predicted by PGA in the 

genome of the flowering plants Rotala (NC_042888), Epipremnum (NC_027954), 

and Gynostemma (NC_036140) are fragments with lengths of 71 nt, 128 nt, 227 nt, 

respectively, relative to the ~1,400 nt of the reference genes. Similarly, PGA found 

additional putative features within seed plant plastomes matching genes known to be 

specific to non-seed plants, including cysA, cysT and rpl21. It seems probable that 

these are spurious matches of no interest that should not be annotated. In addition, 

38 petD, 22 petB, and 5 rpl16 annotations by PGA are incorrect with respect to 
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coordinates and strands, and these errors mainly occur in genomes with two copies 

of these genes (Figure 33).  

 
Figure 36. Genes/pseudogenes/fragments identified by PGA. The features with a frequency over 

100 are shown. 

Chloe 

Chloe missed exons of some genes within some genomes with default settings, 

although their adjacent introns might be successfully detected. For instance, Chloe 

missed exons of 213 GenBank clpP1 (Figure 37). Moreover, Chloe also produced a 

number of Chloe-specific genes/fragments that may well be pseudogene remnants 

of divergent and/or long genes rather than functional genes, including ycf1, ycf2 and 

infA. In short, these difficult genes or genomes are challenging for Chloe as well. 
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Figure 37. The clpP1 exons missed and rescued by Chloe. ‘Chloe’ used default settings for depth, 

coverage; ‘Chloe_optimised’ used the optimised settings (Table 17). 

 

Table 17. The clpP1 annotation improved by manually lowering these default values. 

 
* Red numbers indicate the optimised values. ‘Depth’ indicates the minimum rate of transferred annotations of each 

feature to total annotations; ‘Coverage’ indicates the minimum content of positions of each feature covered by 

transferred annotations; ‘Median length’ indicates the prior expectation of feature length based on reference 

annotations. 

Which is better, PGA or Chloe? 

Based on the above comprehensive evaluation, Chloe undoubtedly gives the most 

accurate annotation in most cases. Chloe almost completely solves the most 

common annotation issues (e.g. small exons, splice sites) by using the conservation 

of coding and noncoding sequences. Furthermore, Chloe has enhanced the 

accuracy of gene boundary annotation by using numerous high-quality references 

and strengthening the tolerance to atypical start/stop codons or RNA-editing. In 

contrast, although PGA also upgraded the capability of small exon and splice site 

identification, various clear systematic errors still remain as described above. Given 

that PGA was tested on only 40 genomes by the developers (Qu et al., 2019), I 

presume these errors were not uncovered. 

Is there a pathway to improving Chloe’s error rate? 

Chloe performance and usage can be improved further if parameters (e.g. depth, 

coverage) are optimised (Figure 37). Ideally, this optimisation would be carried out 

automatically, requiring the software to set the appropriate thresholds based on 

https://paperpile.com/c/aWBKGF/BWWX
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parameters calculated dynamically during the alignment phase. Moreover, adding 

more high-quality annotations into the reference database is anticipated to improve 

this homology-based approach.  
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Chapter 5 – Annotation of Pilbara assemblies  
To exploit the newly assembled sequences and measure how complete and 

accurate they are, Chloe was used to annotate 667 assembled plastid genome 

sequences from the Pilbara flora project with default settings.  

 

Gene number and length 
The average of total gene and multi-exon gene numbers is ~127.06 and ~20.70, 

respectively, in line with our annotation of GenBank assemblies shown previously 

(Figure 38). The number of assemblies with more than 127 genes is 569 (~85%). 

Genomes with more than 127 genes are generally larger than ~130kb (Figure 39). 

A clear correlation was found, in particular between short, ‘Poor’ assembled 

sequences and fewer genes. In contrast, ‘Good’ assemblies cluster, indicting their 

assembly and annotation are relatively reliable. The average length of genes, 

exons and introns are shown below (Figure 40). Most of the genomes (94%; 

169/179) with average gene length between 680-700 nt (relatively shorter) are 

from the Poaceae family, mainly because they lack three long genes, i.e. accD, 

ycf1, ycf2. 

 
Figure 38. The number of genes predicted using Chloe in Pilbara assemblies (a) and GenBank 
genomes (b). The dashed line depicts the average (127.06, 126.45) of total gene number from the 

(a) Pilbara annotation (b) GenBank annotation
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Pilbara and the GenBank annotations, respectively. 

 

Figure 39. The correlation between gene number and assembly size or quality. The colours 

indicate ‘good’ (red) and ‘poor’ (green) assemblies based on the discrepancy observed between the 

paired lengths of the assembly and the most similar complete chloroplast genome in GenBank 

(calculated as described in the Methods of ‘Project 1: Plastids of the Pilbara’ in Chapter 2). The dashed 

line depicts the average (127.06) of total gene number. 
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Figure 40. The average gene, exon and intron length. 

The completeness of protein-coding genes  

The open reading frame of the total 55,750 protein-coding genes were checked for 

the following features: start codon, stop codon, premature stop, frame shift. All genes 

are correct, based on these criteria, within 337 (~51%) of the assemblies. The rest 

consist of 121, 99, 50, 27, 33 assemblies with 1, 2, 3, 4, >4 ‘incorrect’ genes, 

respectively (Figure 41). The ‘errors’ mainly occur in multiple-exon genes, including 

clpP1, ndhA, petB, petD, rpl16 and rps16, and these ‘incorrect’ genes may be 

pseudogenes (Figure 41). The assemblies of Vigna sp. (Fabaceae) have most of 

these erroneous genes.  

 
Figure 41. The number of errors in all genes in all genomes. Rows indicate assemblies ranked by 

the average common substring method (see Chapter 2; the tree data is here: 

https://pilbseq.dbca.wa.gov.au/data_explorer.html; only major families are shown); columns indicate 

genes; colors indicate the number of errors. The errors refer to the following features: start codon, stop 
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codon, premature stop, frame shift. 

Gene presence/absence, pseudogenes 

A total of 114 unique plastid genes were predicted within the Pilbara assemblies, of 

which, 105 (~92%) genes exist in over 93% of the assemblies (Figure 42).  

 
Figure 42. The number of gene presences/absences or pseudogenes. 

clpP1 

The clpP1 gene is highly conserved across most green plants and is a fast evolving 

gene in some genomes (A. M. Williams et al., 2019). In our assemblies, clpP1 is 
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absent in 45 assemblies from the families Goodeniaceae (23), Cyperaceae (15), 

Polygalaceae (2), Malvaceae (2), Amaranthaceae (2), Fabaceae (1), most of which 

are due to low-quality incomplete assemblies. However, two clpP1 genes of the 

Polygala assemblies (ID: 33654, 33676) are very likely absent or pseudogenized, 

confirmed by a separate PGA annotation and the findings published recently 

(Petersen et al., 2019). Furthermore, 68 clpP1 genes are identified as ‘possible 

pseudogene’ by Chloe with the default settings, due to exon and/or intron absence. 

The second intron loss of the clpP1 gene in three Gompholobium assemblies are 

validated by Chloe and PGA. The intron loss events accord well with the fact that 

clpP1 in many lineages has lost introns, although most clpP1 genes in land plants 

have two introns (A. M. Williams et al., 2019). A few pseudogene inferences are very 

likely to be misled by low-quality assemblies, including Bidens sp.(ID: 33798), 

Atriplex bunburyana (ID: 33620) and Eriachne 121avour (ID: 33536), relative to 

complete clpP1 genes from their close relatives within the same genus. The clpP1 

genes of 45 Acacia and 11 Solanum were initially predicted to be ‘possible 

pseudogene’ with exon/intron loss by Chloe with default settings. The clpP1 

annotations have been corrected by using optimised parameters as demonstrated 

previously, and the improved exon annotations were confirmed by PGA (Figure 43). 

However, these clpP1 genes with a complete gene model may not be functional in 

Acacia, although transcribed and spliced, because they are highly divergent (Williams 

et al. 2015). 

 
Figure 43. The clpP1 gene annotations generated by PGA and Chloe with default settings. (1) An 

assembly gap within the intron as shown led to the failure of Chloe to correctly annotate the intron; Both 

PGA and Chloe with optimized settings accurately detected the exons. PGA does not explicitly annotate 

(1) Acacia adoxa (ID: 22531) clpP1 annotations and a gap located at the 2nd intron.

(2) Solanum albostellatum (ID: 22478) clpP1 annotations

https://paperpile.com/c/aWBKGF/gnr5
https://paperpile.com/c/aWBKGF/FFvX
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introns. 

ndhB 

Similarly, the absence of 23 ndhB genes is caused by low-quality assemblies. Most 

of the 70 possible ndhB pseudogenes contain a premature stop codon, if the first in-

frame ‘ATG’ is a bona fide start codon (Figure 44). This is further evidence that 

perhaps the ATG annotated as a start codon in plants other than angiosperms is 

also the start codon in angiosperms, and thus the start is incorrectly annotated in 

most GenBank records and in my reference genomes. 

 

Figure 44. Alignment of ndhB start sequences. The sequences are from the reference database, the 

new annotations or closely-related GenBank ndhB genes.  

accD 

Many genes have been completely lost from chloroplast genomes or have 

accumulated mutations, indels and rearrangements to the point where they no longer 

function. Common examples include including accD (encoding the catalytic subunit 

of acetyl-CoA carboxylase), ycf1 and ycf2 (Darshetkar et al. 2019). The loss of the 

plastid accD gene is ubiquitous in the Poaceae family, the function being replaced by 

a nuclear counterpart (Daniell et al. 2016; Nevill et al. 2019). In the Pilbara project, 

accD is absent from all 177 Poaceae assemblies. Additionally, accD has not been 

found by Chloe in the assemblies from the families Goodeniaceae (23), Cyperaceae 

https://paperpile.com/c/aWBKGF/jwGT
https://paperpile.com/c/aWBKGF/1vnP+jDvt
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(18), Fabaceae (13), Malvaceae (8), Amaranthaceae (4), Polygalaceae (2), 

Chenopodiaceae (2), Boraginaceae (1). As previously, incomplete assemblies from 

Goodeniaceae and Cyperaceae may explain the ‘loss’. The accD annotation from 

the genera Cullen (Fabaceae) and Corchorus (Malvaceae) was checked further as 

examples. Of the 8 Cullen assemblies, Chloe and PGA produced identical accD  

annotations for four samples (ID: 22395, 22411, 33505, 33624), while Chloe failed to 

predict accD for the other four but PGA did annotate a full-length accD in these as 

well (ID: 22370, 22394, 33506, 33646) (Figure 45). Moreover, the GenBank accD 

gene from the Cullen corylifolium genome (NC_042700) was correctly annotated by 

both Chloe and PGA. Therefore, the four accD ‘absence’ events deduced based on 

the Chloe annotations are very likely false negatives. For 7 of the 12 Corchorus 

genomes, accD annotations are identical between Chloe and PGA. For the other five 

Corchorus genomes (22509, 22511, 33483, 33602, 33603), Chloe failed to output an 

accD prediction, whereas PGA did. In three of the 5 cases, however (22511, 33602, 

33603), these accD genes are probably pseudogenes due to large 

insertions/deletions (Figure 45). Meanwhile, two GenBank Corchorus genomes 

(NC_044467, NC_044468) without accD annotations were re-annotated by Chloe 

and PGA. Only PGA detected accD sequences and these are very divergent, thus 

their functionality is doubtful. Taken together, I suspect that accD pseudogenization 

or loss has occurred in at least some species from the genus Corchorus.

 

(a) Cullen and reference accD

(b) Corchorus and reference accD
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Figure 45. Alignment of the predicted accD nucleotide sequences from the Cullen and Corchorus 
species compared with the references, shaded to indicate conservation. Black indicates 100% 

identity. ‘Chloe’ and ‘PGA’ indicate the annotations produced by the two softwares.  

ycf1 and ycf2 

ycf1 and ycf2 are encoded by the two largest open reading frames in the plastome 

(Wicke et al. 2011). Although their functions have not yet been unambiguously 

characterized, the products of both genes are essential for plant cell survival and 

supposed to be functional in the protein import machinery (Kikuchi et al. 2013). 

Similar to accD, both ycf1 and ycf2 are completely lost or non-functional in some 

monocot lineages (e.g. the family Poaceae) or others with photosynthesis loss 

(Kikuchi et al. 2013; Nevill et al. 2019). In our assemblies, ycf1 and ycf2 are absent 

from all 177 samples from the family Poaceae. ycf1 is also absent in the following 

families: Fabaceae (39), Cyperaceae (18), Goodeniaceae (14), Malvaceae (13) and 

Amaranthaceae (3), Chenopodiaceae (2), etc. Again, the ycf1 annotation from the 

genera Cullen (Fabaceae) and Corchorus (Malvaceae) was checked in detail. Chloe 

missed ycf1 for all Cullen genomes in the Pilbara set except Cullen pogonocarpum 

(ID: 33624), while PGA found all ycf1 genes (Figure 46). The ycf1 gene from Cullen 

corylifolium (NC_042700) is accurately identified by both Chloe and PGA. Compared 

to the GenBank ycf1 gene, ycf1 genes from these Pilbara assemblies have an 

‘AAAAAT’ insertion and a number of single nucleotide variations. Of 12 Corchorus 

assemblies, Chloe did not produce ycf1 annotations for 6 incomplete low-quality 

assemblies, while PGA found ycf1 fragments within them. The ycf1 genes from the 

Corchorus assemblies (ID: 22511, 33483, 33623) were also missed by Chloe but 

detected by PGA. These PGA genes are complete and conserved, although they 

have a minor error in the position of the start codon. In addition, both Chloe and PGA 

successfully recovered ycf1 annotations for the two GenBank Corchorus genomes 

(NC_044467, NC_044468). Thus, ycf1 indeed exists in these Cullen and Corchorus 

plastomes but Chloe missed them in some genomes. A few ycf2 ‘absences’ are not 

genuine due to low-quality assembly, including species from the families Cyperaceae 

(14), Goodeniaceae (12), Zygophyllaceae (1), Amaranthaceae (1). Not surprisingly, 

all typical ycf1 and ycf2 genes found by Chloe are present outside the order Poales. 

https://paperpile.com/c/aWBKGF/JkuI+VxEM+jDvt
https://paperpile.com/c/aWBKGF/VxEM
https://paperpile.com/c/aWBKGF/JkuI+VxEM+jDvt
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Tree&id=38820
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Figure 46. Alignment of the predicted ycf1 nucleotide sequences from the Cullen and Corchorus 
species compared with the references, shaded to indicate conservation. Black indicates 100% 

similarity. ‘Chloe’ and ‘PGA’ indicates the annotation produced by the two softwares.  

In summary, these annotations and analysis have been influenced by three factors: 

assembly quality, annotation quality and the evolution rate of the genes. Most gene 

absence cases are false negatives due to low-quality assembly. Pseudogenes are 

possible if annotation errors are corrected and ambiguous annotations are 

eliminated. Relative to Chloe, PGA is more sensitive and better able to detect these 

divergent genes (although the annotation may not be completely accurate) or their 

remnants, which is in accordance with the evaluation in Chapters 3 and 4. It is still 

challenging for currently available computational tools to clearly and consistently 

annotate these difficult genes. Manually collecting multiple lines of available 

evidence as above can certainly improve the annotation, but the concerted effort is 

labour-intensive. 

(a) Cullen and reference ycf1

(b) Corchorus and reference ycf1
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Chapter 6 – General discussion 

The chloroplast is the most characteristic organelle of plant cells and carries its own 

unique genome, carrying genes mainly related to housekeeping functions and 

photosynthesis. Its highly conserved sequence and high copy number in cells make 

the chloroplast genome an easily accessible source of valuable phylogenetic 

information (Gitzendanner, Soltis, Wong, et al., 2018; Ruhfel et al., 2014). So far, 

over 4000 sequenced chloroplast genomes from various land plants have enhanced 

our understanding of chloroplast genome biology and evolution, gene expression 

regulation in plant organelles, and improved our ability to reconstruct phylogenetic 

relationships among plants (Daniell et al., 2016; Gitzendanner, Soltis, Wong, et al., 

2018; Tonti-Filippini et al., 2017). Advances in technology have facilitated rapid 

progress in the sequencing of complete plastid genomes on a large scale and the 

development of novel plastid DNA-based applications, such as plant DNA barcoding 

(Coissac et al., 2016; Dodsworth, 2015; Twyford & Ness, 2017; Zeng et al., 2018). 

This large-scale data, however, has brought challenges in analysis, including 

automated whole plastid genome assembly and annotation from short-read 

sequences, and the standardization of the annotations across thousands of publicly 

available genomes. 

In my study, I built an automated plastome assembly pipeline and successfully 

applied it to assemble a (nearly) complete chloroplast genome from short DNA 

sequences for ~600 herbarium specimens in the Pilbara flora project. The newly 

assembled sequences are essential components of the large-scale DNA-based 

species identification system established in this project. In parallel, I helped develop 

the plastome annotation software, Chloe, and used it to annotate these new genome 

sequences and re-annotate ~3700 publicly available plastomes. A variety of 

assessments reveal Chloe is a fast, accurate and robust annotation agent and 

clearly outperforms existing tools. This is because of the high-quality curated 

reference annotations I established and an original annotation algorithm that takes 

full advantage of the conservation of non-coding sequences as well as coding 

sequences when determining the location of feature boundaries. Taken together, 

these newly developed tools are feasible solutions to high-throughput decoding of 

plastome data. The consistently and accurately annotated datasets across a wide 

https://paperpile.com/c/aWBKGF/kRX9+Ofxw
https://paperpile.com/c/aWBKGF/1vnP+Rv7y+kRX9
https://paperpile.com/c/aWBKGF/1vnP+Rv7y+kRX9
https://paperpile.com/c/aWBKGF/4DBx+YjFp+t9Nv+Uyq1
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range of species also provide a unique opportunity for comparative genomics and 

biological interpretation on a large scale. The questions that now arise are: 

1. To what extent are we now capable of fully automating the data analysis of a 

large-scale chloroplast genome sequencing project? 

2. With a large database of consistently annotated plastome sequences, what sorts 

of analyses become possible? 

3. How easily could this approach be modified to retrospectively annotate genomes 

with new features? 

4. How easily could this approach be modified to be applied to other genomes? 

To what extent are we now capable of fully automating the data analysis of a 
large-scale chloroplast genome sequencing project? 
 

Assembly 

First, I would like to classify the assembly tasks into three categories: ‘easy’, 

‘difficult’ and ‘impossible’. The ‘easy’ ones involve assembling a conserved 

genome with sufficient high-quality plastid reads, and a complete assembly can 

be easily and accurately achieved by most plastid-specific or general assemblers. 

The ‘difficult’ ones have a relatively divergent genome and/or insufficient plastid 

reads. In this case, maybe only one assembler is capable of producing a (near) 

complete assembly, but all assemblers output various contigs. Plastid contigs can 

be enriched from the contig pool and connected to be a pseudo-chromosome 

sequence based on a reference genome. Here, the questions are: 1) how to 

automatically select a closely-related and high-quality reference; 2) how to 

rationally scaffold the contigs with overlaps or gaps between adjacent contigs; 3) 

how to minimize the bias introduced by a reference. To better address these 

problems, a dynamic empirical scoring machine in my assembly pipeline is used 

to evaluate the best pair of plastid contigs and a reference and realize a relatively 

accurate reference-guided assembly. Most ‘impossible’ ones I encountered in the 

Pilbara project are from a small number of specific families, including 

Goodeniaceae and Cyperaceae. These complicated genomes normally contain 

extensive intergenic repeats. Consequently, a complete assembly is hard or even 
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impossible to achieve from short reads whichever assembler is used, but contigs 

covering the plastome coding regions are usually obtained (Gardner et al., 2016). 

 

Most of the assembly analysis including data preprocessing and some post-

assembly refinement and verification steps can be achieved by an automated 

pipeline, like my assembly pipeline. However, it is still hard to overcome the 

bottlenecks in post-assembly verification: 1) how close is a newly assembled 

sequence to the genuine plastome? 2) how to accurately and rapidly obtain a 

consensus from diverse assemblies produced by one or more assemblers? A 

variety of data (reads, contigs, references) and automated or manual manipulation 

(read mapping, sequence alignment, visual inspection) have to be attempted to 

improve problematic assemblies, as shown in my work in the Droseraceae Plastid 

Genome Project. These customized analyses are certainly not well-suited for 

large-scale projects, but may be necessary for a complex but important genome, 

especially if it has the potential to be a reference for other assemblies. 

 

In general, current automated assembly tools are already suitable for 90% of the 

samples in large-scale projects, including those from diverse herbarium material 

with variable DNA quality. 

 

Annotation 

Unlike the assembly tools, the current generation of annotation tools is not 

suitable for automated pipelines with little or no manual intervention, as they make 

numerous errors on every genome they are tested on. As I demonstrated in 

Chapters 3 and 4, our newly developed tool, Chloe, is far superior to the currently 

available applications on all but the most divergent genomes. The notorious 

problems of plastome annotation (e.g. extremely short exons, unusual intron 

splice sites and gene boundaries) have been almost completely solved by Chloe 

through an innovative algorithm and high-quality references, and equal the 

accuracy of a human expert. Moreover, it is fast and nearly completely automated, 

and particularly fit for large-scale projects, including re-annotation of existing 

seed-plant plastomes. As shown in Chapter 4, Chloe generates accurate and 

consistent annotations for almost all of them. These improved annotations provide 

a unique opportunity to perform large-scale comparative and functional genomic 

https://paperpile.com/c/aWBKGF/9A06
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analysis. We are going to release Chloe on GitHub (https://github.com/ian-

small/chloe) and are creating a web application ‘CHLOË: Plant Organelle 

Annotations’ (https://chloe.plantenergy.edu.au). The web application plans to 

contain: 1) online plastome annotation using Chloe; 2) search, download and 

visualisation of plastome sequences, GenBank and Chloe annotations and their 

differences; 3) display of a variety of annotation evidence, including orthologous 

sequence alignment, RNA-Seq read mapping, RNA-editing sites, footprints of 

RNA binding proteins, transcript termini, etc. The goal is to build a plant organelle 

genomic ‘ecosystem’ usable by researchers in plant genomics, phylogenomics, 

and molecular plant biology. We look forward to sharing Chloe and the annotation 

resource with the plant research community. The remaining challenges and 

further improvements are discussed as below: 

 

Divergent genes 

A common question existing in the annotation community is how to correctly predict 

and distinguish extremely divergent but functional genes (e.g. ycf1, ycf2, accD, infA, 

rpl22) from non-functional pseudogenes. This is particularly true for genomes that 

have greatly diverged from their relatives (e.g. parasitic, carnivorous or 

mycoheterotrophic plants) or which have no close relatives (true of many non-seed 

plants and some gymnosperms). Multiple lines and levels of evidence (e.g. domains, 

orthologous sequences, RNA-Seq data, proteomics data) and analyses (e.g. read 

mapping, sequence alignment, evolutionary rate inference) may be required to 

evaluate each gene’s status, as I did in the Droseraceae Plastid Genome Project. 

These genes and genomes are rare, but caution must be taken when attempting 

automated annotation of them via computational tools. Manual verification may still 

be needed behind an automated pipeline.  

 

To address these issues, Chloe could be improved further in several ways. Firstly, 

the reference annotations may need improvement. (Through computational methods 

alone there are no means to conclusively determine whether a genomic region is 

functional.) The start codons of several genes (e.g. accD, ndhB, ndhK) are as yet 

ambiguous and require more evidence from wet lab experiments to validate (e.g. 

proteomics data, ribosome footprinting data). Secondly, Chloe can use optimised 

parameters for the detection and annotation of each specific feature, but as this is 
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not required in most cases, only for a few genes have these values been manually 

adjusted. In the future, we plan to dynamically adjust these parameters based on the 

alignment statistics so that the detection thresholds are optimised for each feature 

and each genome. Thus, for example, a gene shown to diverge widely across 

currently known genomes would have relatively permissive parameters compared to 

one shown to be highly conserved, and the parameters for all features in a divergent 

genome that aligns poorly with the reference would be relaxed to increase the 

sensitivity of detection. In brief, the current version of Chloe can produce (near) 

submission-ready annotations for most seed-plant genomes on a large scale. The 

current version of Chloe cannot fully eliminate the final check, for ‘difficult’ genes in 

particular, however, it avoids most of the tedious, time-intensive and error-prone 

manual refinement or verification steps. This has not been possible with previous 

annotation tools. 

 

Novel genes 

In the entire kingdom plantae (land plants in particular), most plastomes are largely 

stable with a few cases of gene loss and inversion. Furthermore, novel genes or 

ORFs (putative protein-coding genes) are only found in extremely rare cases and 

mostly in specific clades, such as a tufA gene presumed lost in embryophytes but 

unexpectedly retained in several mosses (Bell et al., 2020), and numerous large 

ORFs within the plastomes of Campanulaceae (Knox, 2014) or ferns (Robison et al., 

2018). Chloe, as a homology-based approach, cannot annotate features that are 

absent in our reference database. The current solution is to add any novel features 

found into the database. To accurately characterize these rare novel features, 

different annotators and multiple lines of available evidences are still recommended. 
We also plan to improve Chloe to de novo predict genes using the conservation 

profile (Figure 11) generated by the whole genome alignment without annotation 

transfer. The annotation of novel features (e.g. conserved noncoding sequences) is 

discussed further in below section.  

 

Duplicate genes 

When genes cross the borders of LSC/SSC and IRs, Chloe is able to identify both 

the complete and partial copies, such as ycf1. When two copies are located on 

different strands, Chloe can also find them, including the trnG-GCC (accession: 

https://paperpile.com/c/aWBKGF/ZuOY
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NC_008407; coordinates: 39077..39147; complement(63628..63698)) and trnI-CAU 

(accession: NC_011930; coordinates: 40395..40468; complement(105243..105316)). 

However, the Chloe cannot currently predict multiple copies of duplicated genes on 

the same strand, because the algorithm focuses on the best alignment hit on each 

strand. Although these cases are extremely rare in the full RefSeq dataset of 

chloroplast genomes, there are a few reported examples. For instance, the genome 

(accession: NC_014573) contains five copies of rrn5 genes (one in the LSC, four 

copies in IRa and IRb), but Chloe only found the first and fifth copy. Moreover, Chloe 

only identified one of the multiple copies of psbJ on the same strand (accessions: 

NC_010442 (Haberle, Fourcade, Boore, & Jansen, 2008) and NC_026203 (Cheon, 

Kim, & Yoo, 2017)). It would be possible to improve Chloe further to consider 

additional alignment hits that are as good or nearly as good as the best hit on the 

same strand. 

 

With a large database of consistently annotated plastome sequences, what 
sorts of analyses become possible? 
 

To date, large-scale, comprehensive, comparative, functional genomics analyses on 

plastomes remain relatively scarce. Those that have been done have focused on 

relatively simple analyses such as gene and intron loss. Advanced annotation 

software and a large database of consistently accurate annotations from this study is 

anticipated to make such analyses (and more sophisticated ones) easier in the 

future. The gene number and structure in chloroplast genomes of most autotrophic 

land plants are conserved, but losses have been identified in several lineages, 

including legumes (Magee et al. 2010), Poaceae (Tonti-Filippini et al. 2017) and 

conifers (Wu and Chaw 2016). These studies concerning gene or intron loss (infA, 

rpl22, ndh, clpP1) shed light on the plastid genome evolution. For instance, 

chloroplast-encoded infA genes, which code for translation initiation factor 1, have 

been lost in 24 separate lineages of angiosperms, with multiple independent 

transfers to the nucleus during angiosperm evolution (Millen et al. 2001). The loss of 

the original chloroplast gene but not the function have been verified in Arabidopsis 

thaliana, soybean, tomato and ice plant (Mesembryanthemum crystallinum). The 

essential gene rpl22 is reported to have been lost within 57 chloroplast genomes 

from 26 genera and transferred to the nuclear genome (Jansen et al. 2011). Eleven 

https://paperpile.com/c/aWBKGF/bLnI
https://paperpile.com/c/aWBKGF/Rv7y
https://paperpile.com/c/aWBKGF/oSAB
https://paperpile.com/c/aWBKGF/rZl0
https://paperpile.com/c/aWBKGF/rZl0+q5Mg
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chloroplast genes encode NDH subunits that are involved in photosynthesis. In spite 

of the fact that the loss or pseudogenization of plastid ndh genes is relatively rare, 

these events have been found widely distributed across diverse lineages of 

autotrophic plants, indicating their limited biological significance in contemporary 

plants, at least under favourable conditions (Ruhlman et al. 2015). In contrast to the 

single gene losses previously mentioned, when ndh gene losses occur the entire 

family of ndh genes are likely to be lost, such as in orchids or Picea abies (Ranade 

et al. 2016). In such cases, there is no transfer of the genes to the nucleus, indeed 

nuclear genes encoding NDH subunits are also lost and the function of the NDH 

complex is lost completely (C.-S. Lin et al., 2017). 

However, these investigations are reliant on publicly available GenBank genomes 

with annotations of varying quality as shown in previous chapters. As a 

consequence, some reported gene losses are simply due to annotation errors. For 

example, the gene ycf4 was originally not identified in the plastome annotations of 

the legumes (e.g. Glycine max, Trifolium subterraneum, Cicer arietinum, and 

Medicago truncatula), but afterward recognized in these genomes (Magee et al. 

2010). The cause is these ycf4 genes are rather divergent and were not detected by 

the annotator DOGMA, revealing high-quality annotation is of significant importance 

to this type of data analysis and interpretation. The large-scale high-quality 

annotations from my study should prove to be a solid platform for future 

comprehensive explorations of plastome content and function. 

 
How easily could this approach be modified to retrospectively annotate 
genomes with new features? 
 
Generally, previous annotations have only focused on coding sequences, while 

regulatory noncoding sequences (e.g. promoters, PPR binding sites, RNA 

processing sites) that play critical roles in chloroplast gene expression remain largely 

unrecognised and unannotated. Conserved noncoding sequences should be 

identifiable through homology-based approaches, because they have high 

conservation relative to surrounding sequences (Figure 11; Tonti-Filippini et al., 

2017). Chloe’s approach should be capable of identifying and annotating such 

features because its reliance on accurate alignment of non-coding sequence, and its 

ability to make use of even very short aligned segments. Ultimately such features 

https://paperpile.com/c/aWBKGF/WD3c
https://paperpile.com/c/aWBKGF/dzio
https://paperpile.com/c/aWBKGF/dzio
https://paperpile.com/c/aWBKGF/jeOA
https://paperpile.com/c/aWBKGF/bLnI
https://paperpile.com/c/aWBKGF/bLnI


 
 

 
           133 

can be matched to putative trans-acting factors (e.g., PPR proteins) and offer 

insights into the control of chloroplast gene expression. The difficulty will be in 

obtaining high-quality experimental data validating the feature across multiple 

references. 

 

How easily could this approach be modified to be applied to other genomes? 
 
Large-scale genome sequencing has facilitated the production of a huge number of 

mitochondrial (10,610), prokaryotic (234,282) and viral (34,911) genomes currently 

residing in GenBank (last accessed 20th February 2020, 

https://www.ncbi.nlm.nih.gov/genome/browse#!/overview/). Meanwhile, many more 

are soon to come. Consequently, less time can be spent manually annotating these 

genomes, leading to an increased demand on automatic annotation pipelines 

(Seemann 2014; Tanizawa et al. 2018). However, it is natural for us to be concerned 

with the accuracy of these annotations. Similarly to publicly available plastome 

annotations, prokaryotic sequences contain a remarkable number of erroneous and 

inconsistent annotations (Richardson and Watson 2013). Although RefSeq attempts 

to standardize and improve the quality of genome annotation, the process is quite 

slow and many problems (as I have shown) persist. Here, our annotation tool Chloe, 

or this annotation strategy at least has the potential to be utilized for rapid, accurate 

and consistent annotation or re-annotation on a large scale. My study has 

demonstrated that Chloe succeeds in transferring annotation from high-quality 

references to most plastome sequences on the basis of conserved synteny. The 

same approach should be feasible for other small genomes. It will be interesting to 

verify this hypothesis. 
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Abstract The informally named “aervoid clade” in Amaranthaceae includes ~134 species in five genera: Ptilotus (~120 spp.), Aerva (11
spp.) and the monotypic Nothosaerva, Omegandra, and Kelita. The relationships of the small aervoid genera to the large genus Ptilotus,
and relationships between major clades within Ptilotus, are poorly resolved. The aims of this study were to: (1) elucidate relationships
between genera and within Ptilotus using a phylogenomic approach; (2) identify morphological characters within each genus to help
delimit generic boundaries; and (3) provide an updated taxonomic framework for the aervoids. A well-supported coding DNA sequence
(CDS) phylogeny was constructed for 36 aervoid and 5 outgroup species based on 69 gene sequences derived from assembled whole-
plastid genomes. The CDS tree was used to constrain relationships on a larger phylogeny based on Sanger-sequenced ITS and matK for
135 taxa, comprising near-comprehensive sampling within the aervoids. Both datasets were analysed using maximum likelihood and
Bayesian inference. Morphological characters were assessed from herbarium specimens. Our study demonstrates that Aerva is polyphy-
letic; this is resolved by reinstating Ouret and erecting a new genus, Paraerva. Kelita is found to be deeply nested within Ptilotus and is
formally synonymised. The well-resolved phylogeny of Ptilotus presented here will inform future studies in biogeography and character
evolution. A taxonomic treatment is provided for all aervoid genera, and new combinations are made.

Keywords Amaranthaceae; Caryophyllales; new genus; nomenclature; phylogenomics; Ptilotus; taxonomy

Supporting Information may be found online in the Supporting Information section at the end of the article.

■ INTRODUCTION

Amaranthaceae Juss. s.str. (i.e., excluding Chenopodiaceae
Vent.) is a family of approximately 79 genera and 800 species
within the Caryophyllales Berchtold & J.Presl (see
Hernández-Ledesma & al., 2015 for a recent treatment). The
aervoids (Fig. 1) are an informal species-rich clade within Ama-
ranthaceae that includes five genera: Ptilotus R.Br. (~120 spp.),
Aerva Forssk. (11 spp.), and the monotypic Kelita A.R.Bean,
Nothosaerva Wight and Omegandra G.J.Leach & C.C.Towns.
(Leach & al., 1993; Bean, 2010; Hammer & al., 2017). Taxo-
nomic and morphological diversity within the aervoids is con-
centrated in Australia (Kelita, Omegandra and Ptilotus);
Aerva and Nothosaerva are native to Africa and South Asia.
A comprehensive taxonomic treatment of the aervoids has been
made more urgent by a recent initiative to develop a global syn-
thesis for the Caryophyllales (Hernández-Ledesma & al., 2015;
see also http://www.caryophyllales.org).

Endlicher (1837) provided an early family-level classifica-
tion for the Amaranthaceae, dividing the family into three tribes
based on ovary and anther characters. Genera assigned to tribe

Gomphreneae (i.e., Gomphrena L. and allies) possessed
uniovulate ovaries and unilocular anthers; tribe Achyrantheae
(i.e., Achyranthes L. and allies; Amarantheae in Moquin-
Tandon, 1849) included genera with uniovulate ovaries and
bilocular anthers; while tribe Celosieae (i.e., Celosia L.
and allies) included genera with multi-ovulate ovaries and
bilocular anthers. Endlicher further divided tribe Achyrantheae
into four subtribes: Aervinae (as “Aerveae”), Amaranthinae
(“Amarantheae”), Desmochaetinae (“Desmochaeteae”) and
Polycneminae (“Polycnemeae”). The genera known to
Endlicher and currently included in the aervoids (Aerva,Ptilotus
and the now subsumed genus Trichinium R.Br.) were included
in subtribe Aervinae along with Achyranthes, Centrostachys
Wall.,NyssanthesR.Br. and PsilotrichumBlume, based on their
uniovulate ovaries, bilocular anthers, 3-bracteate flowers
(1 bract and 2 lateral bracteoles), and indehiscent fruits.

Bentham & Hooker (1880) followed Endlicher (1837) and
Moquin-Tandon (1849) in dividing the family into the tribes
Amarantheae (= Achyrantheae), Celosieae, and Gomphreneae,
but differed in the subtribal classification of Amarantheae, es-
tablishing subtribe Amaranthinae (“Euamarantheae”) for taxa
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Fig. 1. Species representing major clades within the aervoids. A, Aerva javanica; B, A. microphylla; C, Ptilotus villosiflorus; D, P. astrolasius; E,
P. rotundifolius; F, P. exaltatus. — Photos taken by T. Hammer in Western Australia (A, C–E) and South Australia (F) and by Alena Vydrova
and Vit Grulich on Socotra (B).
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with an erect ovule and downwardly directed radicle, and sub-
tribe Achyranthinae (“Achyrantheae”) for taxa with a pendu-
lous ovule and upwardly directed radicle, the aervoid genera
being placed in the latter.

Schinz (1893) established the most widely accepted and
long-standing classification of Amaranthaceae, largely based
on the preceding classifications but adding a subfamily rank (es-
tablishing subfam. Amaranthoideae for taxa with bilocular an-
thers and subfam. Gomphrenoideae for taxa with unilocular
anthers). Subfamily Amaranthoideae was divided into the tribes
Amarantheae (one-seeded) and Celosieae (multi-seeded), the
former including two subtribes following Bentham & Hooker
(1880), but with “Euamarantheae” renamed as Amaranthinae.
Schinz placed the aervoid genera known at that time (Aerva,
Nothosaerva and Ptilotus) in subfamily Amaranthoideae, tribe
Amarantheae and subtribe Achyranthinae, along with 12 other
genera (e.g., Achyranthes and Arthraerua (Kuntze) Schinz).
Townsend (1993), in the most recent treatment of the family,
largely followed Schinz’s classification, and accepted 38 genera
in subtribe Aervinae.

The advent of molecular phylogenies allowed these classi-
fications to be tested. Several studies (e.g., Kadereit & al., 2003;
Müller & Borsch, 2005; Sage & al., 2007) have indicated that
most infra-familial taxa of previous authors (including
Amaranthoideae, Amarantheae and Aervinae) are paraphyletic.
In anticipation of a substantially revised, formal infra-familial
classification, Müller & Borsch (2005) established informal
clades within the family, including the achyranthoids, aervoids,
amaranthoids and gomphrenoids (for clades centred on
Achyranthes, Aerva, Amaranthus L. and Gomphrena respec-
tively). They recovered two clades within the Aervinae of
previous authors, one comprising Aerva, Nothosaerva and
Ptilotus and the other comprising Achyranthes and related
genera (their achyranthoids). The achyranthoids, aervoids
and gomphrenoids are together sister to the amaranthoids
and Celosieae, the only monophyletic tribe recovered in
Amaranthoideae (Kadereit & al., 2003; Müller & Borsch,
2005). We continue to use these informal clade names while
awaiting an updated classification for the family.

Early, family-wide phylogenetic studies included rela-
tively few species within genera, and often relatively few gen-
era. Kadereit & al. (2003) included Aerva javanica (Burm.f.)
Juss. ex Schult. and Ptilotus manglesii (Lindl.) F.Muell. as
the only representatives of the aervoids and did not resolve
Aerva and Ptilotus as a clade, instead placing them in an unre-
solved polytomy with the achyranthoids and gomphrenoids.
This lack of resolution was perhaps due to the lack of informa-
tive characters for these taxa on the rbcL marker. Müller &
Borsch (2005) included A. javanica, N. brachiata, P. manglesii
and P. obovatus (Gaudich.) F.Muell. The two Ptilotus species
were resolved as sisters with 100% bootstrap support, but rela-
tionships between the three genera were unresolved.

Thiv & al. (2006), in an attempt to assess phylogenetic re-
lationships within Aerva, included multiple accessions for 10
of the 12 species that they recognised within the genus (i.e.,
A. artemisioides Vierh. & O.Schwartz, A. congesta Balf.f,

A. coriacea Schinz, A. javanica (Burm.f.) Juss. ex Schult.,
A. lanata (L.) Juss. ex Schult., A. leucuraMoq., A. microphylla
Moq., A. revoluta Balf.f., A. sanguinolenta (L.) Blume and
A. triangularifolia Cavaco, excluding only A. glabrata Hook.f.
and A. humbertii Cavaco due to a lack of suitable material
for sequencing). They used two Ptilotus species as outgroups.
In their ITS, matK and atpB-rbcL phylogenies, two clades of
Aerva were resolved and informally named clades “A” and
“B” (referred to here as “clade I” and “clade II” respectively).
Clade I of Aerva included three subclades on a polytomy:
A. artemisioides, A. javanica and the two Socotran endemics
A. microphylla and A. revoluta. Clade II included all other
Aerva species sampled. Because their tree was rooted on
Ptilotus and did not sample more widely within the family,
the monophyly of Aerva was not tested.

Sage & al. (2007) sampled widely for a family-level phy-
logeny based on trnK/matK sequences and provided the first
indication that Aerva was paraphyletic with respect to Ptilotus
(with A. leucura and A. sanguinolenta forming a highly sup-
ported clade with P. manglesii and P. obovatus, while
A. javanica and N. brachiata resolved separately as a clade
with weak support). Sage & al. (2007) also confirmed the
monophyly of the aervoids.

Hammer & al. (2015) reconstructed the phylogeny of 87
species of Ptilotus using ITS and matK. Sampling covered
the morphological and geographic diversity of the genus, and
included three species of Aerva, two species of Gomphrena,
Achyranthes aspera L. and Amaranthus caudatus L. (on which
the tree was rooted). Aerva was confirmed as paraphyletic in
this study, with A. lanata resolving as more closely related to
Ptilotus than either A. javanica or A. artemisioides, albeit with
weak support. Ptilotus was strongly supported as monophy-
letic. Four major clades (informally named A–D) were re-
solved within Ptilotus. The largest of these (D; 73% of
species) comprised four subclades (D1–D4), related by a
polytomy. Hammer & al. (2015) speculated that Ptilotus had
radiated rapidly, probably after its ancestor arrived on the Aus-
tralian continent following a divergence in Southeast Asia from
a common ancestor with one of the clades of Aerva.

A follow-up study by Hammer & al. (2017) reconstructed
an ITS and trnK/matK phylogeny for all species of Aerva that
had been accepted by Thiv & al. (2006), as well as extra
gomphrenoid and achyranthoid taxa. This study placed one
species, A. artemisioides, in a position sister to the rest of the
achyranthoids, distant from the aervoids. A morphological ex-
amination revealed that A. artemisioides has an unusual combi-
nation of characters, unlike any aervoid or any other known
genus in Amaranthaceae: accordingly, the genus Wadithamnus
T.Hammer & R.W.Davis was erected to accommodate it. With
W. artemisioides removed, the remaining species of Aerva
were still paraphyletic with respect to Ptilotus.

The phylogenies of Hammer & al. (2015) and Hammer &
al. (2017), based on Sanger sequencing of a small number of
markers, provided a good understanding of major clades within
the aervoids. However, relationships between clades were in
many cases poorly supported, precluding a robust taxonomic
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solution to the paraphyly of Aerva, and the monotypic genera
Kelita and Omegandra were not included.

To address this, we present here a nearly taxon-complete
phylogeny of the aervoids and use next-generation sequencing
of the chloroplast genome to resolve, with high support, back-
bone relationships among clades. Such an approach has been
utilized successfully to resolve backbone relationships within
various plant families where phylogenies based on Sanger-
sequenced traditional markers were inadequate (e.g., Ma &
al., 2014; Gardner & al., 2016; Williams & al., 2016; Tonti-
Filippini & al., 2017), particularly when rapid radiations ob-
scure relationships (Wei & al., 2017; Léveillé-Bourret & al.,
2018). This is the most comprehensive and strongly supported
phylogeny of the aervoids to date. It provides a basis for a ge-
neric taxonomic treatment of the aervoids and will inform fu-
ture biogeographic analyses and studies into the evolution of
floral characters and pollination syndromes, especially within
Ptilotus.

■ MATERIALS AND METHODS

Taxon sampling and DNA extraction. — Phylogenetic
analyses were conducted on three datasets: (1) coding DNA
sequences (CDS) of the plastid genome for 41 selected taxa,
and Sanger sequences of (2) ITS for 128 taxa, and (3) matK
for 135 taxa (sequencing of ITS failed for some taxa). The
Sanger sequencing section of this study incorporated all ITS
and matK sequences from Hammer & al. (2015), some of the
outgroup species used in Hammer & al. (2017), and an
additional 26 species not previously sequenced. ITS and
matK were used because they have been widely sequenced in
previous studies, have been shown by Hammer & al. (2015,
2017) to be highly congruent, and because of their
complementary nature in resolving deep and shallow nodes
(Hammer & al., 2015). A near-comprehensive sampling of
the aervoids included 112 (of ~120) Ptilotus species, 10 of
11 recognised Aerva species (i.e., excluding only the rare
Madagascan A. humbertii), and the monotypic genera
Nothosaerva, Omegandra and Kelita. In addition to the
aervoids, 10 outgroup species were chosen to provide broad
representation of the achyranthoids, gomphrenoids and
amaranthoids. A full list of accessions used in the ITS and
matK analyses is provided in Appendix 1.

Sampling for the plastid CDS phylogeny included
30 Ptilotus species, Aerva javanica, A. glabrata and
A. microphylla (representing the major clades of Aerva from
Hammer & al., 2017), Kelita uncinella A.R.Bean and
Omegandra kanisii G.J.Leach & C.C.Towns. Outgroup species
were Gomphrena affinis subsp. pilbarensis J.Palmer and
Gomphrena cunninghamii (Moq.) Druce representing the
gomphrenoids, Achyranthes aspera L. and Alternanthera
nodiflora R.Br. representing the achyranthoids, and
Amaranthus cuspidifolius Domin representing the amaran-
thoids. Most of the included Ptilotus species and the
Gomphrena outgroups were sequenced as part of a project to

sequence full chloroplast genomes for plants from the Pilbara
region of Western Australia (see https://s3-ap-southeast-2.
amazonaws.com/pilbara-cpt-website/index.html). As this re-
gion is home to approximately one-third of Ptilotus species,
representing every major clade in the genus (Hammer & al.,
2015), adequate coverage for resolving the backbone could be
achieved from this narrow geographic sampling. A full list of
accessions used in the CDS dataset is provided in Appendix 2.

DNAwas extracted from silica-dried leaf material collected
in the field, and from herbarium specimens at AD, BRI, E, PE
and PERTH. Approximately 20 mg of dried plant material
was pulverized for 1 minute in a mini-bead beater. Total geno-
mic DNAwas extracted using DNeasy Mini Plant Kits (Qiagen,
Valencia, California, U.S.A.) following the manufacturer’s pro-
tocol. DNA quantity and quality were assessed using a Qubit
dsDNA HS Assay Kit (ThermoFisher Scientific, Waltham,
Massachusetts, U.S.A.) and agarose gel electrophoresis.

NGS sequencing, genome assembly, annotation and
alignment. — A Covaris S220 sonicator was used to shear
200 ng of DNA into ~500 base pair (bp) fragments. Libraries
were prepared with an Illumina TruSeq Nano DNA LT
Library Preparation Kit according to the manufacturer’s
directions, their sizes checked on a 4200 TapeStation System
(Agilent Technologies, Santa Clara, California, U.S.A.),
quantified with a KAPA SYBR FAST Universal qPCR Kit
(Sigma-Aldrich, St. Louis, Missouri, U.S.A.), pooled, and
run on a MiSeq sequencer (Illumina, San Diego, California,
U.S.A.) using a MiSeq Reagent Kit v3 (Illumina).

Sequence pre-processing included the following: remov-
ing adapter sequences using Cutadapt v.1.9.1 (Martin, 2011),
correcting read errors using SPAdes v.3.6.1 (Bankevich &
al., 2012) and merging overlapping paired-end reads
using BBMerge v.8.82 (Bushnell & al., 2017). The clean reads
were independently assembled into circular or fragmented
contigs with the de novo assemblers NOVOPlasty v.2.5.9
(Dierckxsens & al., 2016), ORGanelle ASeMbler v.2.2
(Org.asm; https://pythonhosted.org/ORG.asm/), and Velvet
v.1.2.08 (Zerbino & Birney, 2008). Velvet was run with
k-mer values between 51 and 111 and a coverage cut-off
of 10. Org.asm was run with the parameters minread = 5,
smallbranches = 15, and seed = protChloroArabidopsis (i.e.,
chloroplast protein sequences of Arabidopsis thaliana (L.)
Heynh.).

In addition, a reference-guided approach was utilized to
order, orient and merge contigs to produce a single sequence
draft genome, if needed, based on the alignment between the
contigs and a high-quality reference chloroplast genome from
the closest related species. Pair-wise alignments were gener-
ated using MUMmer v.3.23 (Kurtz & al., 2004). The assem-
blies were refined further and verified by automatically
analysing consistency between original reads and these draft
genomes using Pilon v.1.16 (Walker & al., 2014), and by visu-
ally inspecting for discrepancies between them and among
multiple assembled sequences of the same organism using
Geneious v.9.1.8 (Kearse & al., 2012). Finally, the best assem-
bly for each species was selected by considering accuracy,
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integrity and continuity at base level. Mapping of reads to as-
sembled sequences was carried out with BWA v.0.7.15 (Li,
2013), and multiple sequence alignments using MAFFT
v.7.273 (Katoh & Standley, 2013). Genomes were annotated
by the “Transfer Annotations” function in Geneious using the
previously published Amaranthus hypochondriacus L. annota-
tion as a reference, with manual corrections.

Coding regions were extracted from the annotated plastid
genomes and aligned separately using MAFFT prior to concat-
enation using Geneious. The best partitioning scheme for the
CDS data was found using PartitionFinder v.2.1.1 (Lanfear &
al., 2016), with all genes and codon positions as separate data
blocks and using the “greedy” search algorithm.

Sanger sequencing and alignment. — Amplification of
ITS (ITS1, 5.8S, ITS2) was accomplished using ITS5A
(forward) and 26S-25R (reverse) primers (Motley & al.,
2005). Primers used to amplify matK were matK-AF (Thiv &
al., 2006) and matK1R (Sang & al., 1997). Each 50 μl PCR
reaction was performed using 5 μl 10x buffer, 0.5 μl
dNTPs (2.5 mM), 41.25 μl nuclease-free water, 0.25 μl Taq,
0.5 μl of each 10 μM primer, and 2 μl DNA template.
Thermocycler programs for amplification were as outlined in
Hammer & al. (2015). Sequencing was performed by
Macrogen (Seoul, Korea). Sequence chromatograms were
manually edited using Geneious. Sequences were aligned
using the default settings of MAFFT, and aligned sequences
inspected and manually adjusted as needed. The best
nucleotide substitution models were determined using
jModelTest2 v.2.1.6 (Darriba & al., 2012).

Phylogenetic analyses. — Bayesian inference (BI) was
performed using MrBayes v.3.2.2 (Ronquist & al., 2012).
Analyses were run for 15 million Markov chain Monte Carlo
(MCMC) generations with trees sampled every 1000
generations. Analyses were conducted on partitioned
datasets with appropriate substitution models determined by
jModelTest2 for each partition. Completion was determined
by the average standard deviation of split frequencies falling
below 0.01. Trace files generated by the MCMC runs were
analysed using Tracer v.1.6 to determine adequate
convergence and mixing (Rambaut & Drummond, 2007).
The initial 25% of topologies before reaching likelihood
stationarity were discarded; 50% majority-rule consensus
trees were constructed to summarize the remaining topolo-
gies. Maximum likelihood (ML) analyses were implemented
on RAxML v.8.2.10 (Stamatakis, 2014), with options for
GTRGAMMA and proportion of invariable sites estimation
options enabled, and run for 1000 bootstrap iterations.

Hammer & al. (2015) showed that ITS and matK were
congruent and could be concatenated using similar taxon sam-
pling. For this reason, and because a few species could not be
sequenced for both markers, a congruence analysis was not
performed and the ITS and matK sequences concatenated.
The CDS tree was used as a topological constraint for analyses
of the concatenated Sanger dataset. Topological constraints for
the MrBayes block were generated using the paleotree R pack-
age (Bapst, 2012). MAFFT alignments, jModelTest2 and BI

and ML analyses were conducted on the Cyberinfrastructure
for Phylogenetic Research (CIPRES) portal (Miller & al.,
2010). Bootstrap values were summed using SumTrees
v.3.3.1 in the DendroPy v.3.12.0 python package (Sukumaran
& Holder, 2010). CDS trees were rooted at Amaranthus
cuspidifolius and Sanger trees at Amaranthus caudatus.

Morphological examinations. — Specimens from AD,
BRI, E, PE and PERTH (listed in Appendix 3), representing
all major clades of aervoids, were morphologically examined.
Flowers for dissection were rehydrated in hot water with a
little detergent. Due to the small size of flowers in many
species, a JEOL JCM5000 NeoScope bench-top scanning
electron microscope (SEM) at the Western Australian
Herbarium (PERTH) was used to image whole flowers and
reproductive parts. Multiple gynoecia were obtained from
herbarium specimens from bisexual or female individuals of
each species, mounted on stubs using carbon tape, and coated
with gold for two minutes using a JEOL Smart Coater.

Some terminology used in the Discussion and Taxonomic
treatment sections in this paper is different from that conven-
tionally used for this group, particularly within Australia. The
term “staminal cup appendages” is used here in favour of
“pseudostaminodes”, as this more aptly describes these projec-
tions from the staminal cup, which are ontogenetically differ-
ent from staminodes. We have adopted “sepals” instead of
the conventional “tepals” to describe the perianth in this group,
following recent studies (e.g., Ronse De Craene, 2013), which
indicate that the uniseriate perianths in the Caryophyllales are
calycine in origin (see also Borsch & al., 2018).

■ RESULTS

CDS and Sanger sequencing datasets. — The aligned
CDS dataset comprised 69 genes with a combined length of
51,996 bp (suppl. Appendix S1). The aligned ITS region
comprised 773 bp, the aligned matK region comprised
798 bp, and the combined ITS+matK dataset was 1571 bp
long (suppl. Appendix S2). Amplification of ITS failed for
seven species, which were therefore represented by matK
sequences alone. Bayesian and Akaike information criteria
(BIC and AIC) in jModelTest2 agreed that the best
nucleotide substitution models for use in MrBayes were GTR
+I+Γ for ITS and GTR+Γ for matK.

Phylogenetic analyses. — All phylogenetic analyses
gave largely congruent results. Major clades resolved on the
CDS phylogeny (Fig. 2) agreed with those resolved from
previous studies (Hammer & al., 2015, 2017) and with the
unconstrained ML and BI ITS+matK phylogenies (suppl.
Figs. S1, S2). The constrained ITS+matK phylogeny
(henceforth “constrained tree”; Fig. 3) maintained the
relationships resolved in the CDS phylogeny. Species in
Amaranthus, Alternanthera and Gomphrena in the CDS
dataset were represented in the ITS+matK dataset by
different species in the same genus; this did not affect
intergeneric relationships on the tree. Because topological
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constraints are handled differently in MrBayes and RAxML, BI
posterior probabilities (PP) and ML bootstrap support (BS) on
the constrained branches (bolded in Fig. 3) vary dramatically
in some cases. In MrBayes, the constraints are applied
universally to the MCMC runs, with only topologies that
agree with the constraints being considered, ensuring higher
PP on the branches for those constrained relation-ships. In
RAxML, the ML search tree is constrained to the topology of
an input tree (i.e., the CDS tree), but no constraint is applied
when bootstrapping the trees. Therefore, the BS on
constrained nodes reflects support in the unconstrained
concatenated Sanger dataset. In both analyses, unconstrained
taxa are free to change position on the tree during the analysis.

Intergeneric relationships. — The aervoids are well
supported as monophyletic (1.00/100) on the CDS phylogeny
(Fig. 2) and comprise three major clades: the “basal
aervoids” (represented by O. kanisii sister to the Aerva
clade I taxa A. javanica and A. microphylla); Aerva clade II
(represented by A. glabrata); and Ptilotus including Kelita. In
the constrained tree (Fig. 3), the basally branching aervoid
clade is also well supported, but the placement of
N. brachiata within this clade with poor support causes it to
collapse to a polytomy comprising O. kanisii, N. brachiata,

A. javanica, and a strongly supported sister pair of the
Socotran species A. microphylla and A. revoluta (1.00/100).
The poor placement of N. brachiata may be because repeated
attempts to extract and sequence ITS from herbarium
specimens of this species failed.

Aerva clade II is strongly supported as monophyletic
(1.00/99), and sister to Ptilotus (1.00/99). Relationships within
the clade are well resolved. One accepted species, the Mada-
gascan endemic A. humbertii, was unavailable for sequencing
for this study but can be confidently placed in this clade, along
with the other species endemic to Madagascar (i.e., A. coriacea
and A. triangularifolia), based on its morphology.

Relationships within Ptilotus. — Ptilotus clades A, B
and C of Hammer & al. (2015) are recovered on the CDS
phylogeny with good support (Fig. 2). Clades A and C were
each represented in the CDS tree by one of the three species
in each clade (P. subspinescens R.W.Davis and P. mollis
Benl respectively), and no new species sampled were placed
within these clades. Relationships within clade B recovered
by Hammer & al. (2015) are also recovered here (with the
inclusion of newly sampled species; see Appendix 1). The
nine species from clade B on the CDS phylogeny resolves
the clade’s backbone, and strongly supports the inclusion of

Fig. 2. The MrBayes 50% majority census tree of the CDS dataset with support values above the branches (BI posterior probabilities/ML bootstrap
percentages). Asterisks (*) indicate maximum support values (1.00 or 100% respectively). Major clades outside of Ptilotus indicated on the right and
major clades within Ptilotus (A–F) are indicated on the branches.
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Fig. 3. The Bayesian 50% majority consensus tree of the
ITS+matK dataset with support values above the branches (BI
posterior probabilities/ML bootstrap percentages). Asterisks (*)
indicate maximum support values (1.00 or 100% respectively)
and a hyphen (-) indicates ML support below 50%. Major
aervoid clades (O and N correspond to Omegandra and
Nothosaerva, respectively) indicated on the right and major
clades of Ptilotus (A–F) are indicated on the branches.
Branches in bold indicate relationships resolved in the CDS tree
and the topological constraints implemented in the analyses.
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Kelita uncinella within Ptilotus and in this clade. Only the
P. conicus R.Br. species group, comprising seven species
from northern Australia, was not represented on the CDS phy-
logeny. The relationships of these northern species were never-
theless well supported (1.00/82) in the constrained phylogeny,
where they resolved with strong PP support (1.00/67) as a clade
sister to an arid clade comprising P. astrolasius F.Muell. and
three other species, mostly from the Pilbara region of Western
Australia (Fig. 3). A group of tropical species from northern
Western Australia and the Northern Territory (P. lanatus
A.Cunn. ex Moq., P. rotundatus Benl, P. lopho-trichus Benl
and P. comatus Benl), which were not sequenced in Hammer
& al. (2015), were resolved as monophyletic (1.00/82). This
tropical clade is nested within a chiefly Eremean clade (e.g.,
P. arthrolasius, P. gomphrenoides F.Muell. ex Benth.), rather
than being more closely related to the P. conicus clade.

This study provides significantly improved backbone res-
olution within Ptilotus for clades D, E and F, which in Hammer
& al. (2015) formed an unresolved polytomy with P. declinatus
Nees. Ptilotus erubescens, a species from South Australia that
shares a strong morphological affinity with the Western
Australian species P. declinatus, was sequenced for the CDS
phylogeny and resolved as sister to the rest of clade D (1.00/
97). On the constrained phylogeny, P. erubescens is sister to
P. declinatus, with P. barkeri Benl sister to both (1.00/100),
these three species comprising a clade sister to the rest of
clade D. A small clade of 10 species, including P. drummondii
F.Muell., P. leucocoma (Moq.) F.Muell. and close relatives,
are newly resolved on the constrained phylogeny (0.98/56).

Clade E includes two subclades (comprising P. auricu-
lifolius (Moq.) F.Muell. and allies, and P. polakii F.Muell. and
allies, respectively) that are newly resolved as sisters (1.00/95
and 1.00/100 respectively). The subclade with P. polakii in-
cludes a few species (e.g., P. parvifolius (F.Muell.) F.Muell.)
newly sequenced for this study, but as only one taxon (i.e.,
P. polakii subsp. juxtus Lally) could be included in the CDS
dataset, the interspecific relationships between these close and
morphologically similar species could not be resolved. This
subclade has been previously referred to as the “Ptilotus
parvifolius complex” (e.g., Lally, 2008). Most species in this
subclade are long-lived rigid shrubs, which occur in arid regions
of Australia. The related P. auriculifolius species group includes
the arid-zone herb P. auriculifolius and shrubs P. rotundifolius
(F.Muell.) F.Muell. and P. marduguru Benl, which are sister
to a group of species native to the biodiversity hotspot of the
Southwest Australian Floristic Region (except for P. symonii
Benl from southeastern Western Australia and southwest South
Australia and the putative new species P. sp. Arckaringa (D.J.
Duval 1958) from the Lake Eyre region of South Australia). It
includes the threatened species P. pyramidatus (Moq.) F.Muell.,
known from only one population in the Perth metropolitan area,
Western Australia (Davis, 2012).

Clade F was represented by six species on the CDS phy-
logeny (Fig. 2). Ptilotus appendiculatus Benl was resolved at
the base of the clade in the CDS phylogeny with good sup-
port. The relationship of P. aervoides (F.Muell.) F.Muell.

with the remaining species is ambiguous due to a poorly
supported node (0.68/62). The constrained tree has better
backbone support than in Hammer & al. (2015), however
many of the relationships still need to be fully resolved, par-
ticularly within the derived group that includes P. axillaris
(Benth.) F.Muell.

Morphology. — A number of morphological characters
examined were congruent with major clades of the phylogeny
and provide synapomorphies or combinations of characters
that support a revised taxonomy, particularly the segregation
of the traditionally circumscribed Aerva into three genera.
Stigma morphology is particularly useful in this respect, as
discussed below.

■ DISCUSSION

Intergeneric relationships. — The present study
establishes phylogenetic relationships for the major aervoid
clades, allows delimitation of clades based on morphology,
and demonstrates the need for revised taxonomic delimi-
tations of some genera.

Aerva clade I forms a monophyletic group sister to
Omegandra in the CDS tree (Fig. 2), with Nothosaerva clearly
placed in this group in the constrained tree (Fig. 3), but without
support for a clear position, probably due to the inability to se-
quence ITS in this species. Nothosaerva and Omegandra are
morphologically distinct from all other aervoids and from each
other, and we retain them as monotypic genera. Omegandra
kanisii and Nothosaerva brachiata are unique within the
aervoids in having four sepals (five in all other genera) and
two stamens. Nothosaerva brachiata differs from O. kanisii
in having an unlobed, capitate stigma (Fig. 4B), whereas
O. kanisii has a minutely bilobed stigma (Fig. 4A). Omegandra
kanisii and N. brachiata can also be distinguished from each
other based on staminal cup morphology and orientation of
the stamens on the cup. Nothosaerva brachiata has a staminal
cup that forms a circle with two stamens on opposite sides of
the ovary, and no appendages. Omegandra kanisii has a cup
that is open on one side of the ovary, attached to which are
two stamens alternating with three staminal cup appendages
(see Leach & al., 1993: 788, fig. 1J).

Aerva clade I was resolved as monophyletic in the present
phylogeny and includes three species, the widespread
Aerva javanica and two Socotran endemics, A. microphylla
and A. revoluta. Aerva javanica and the Socotran species are
morphologically divergent. Aerva javanica is unisexual, with
female plants having a deeply bilobed, feathery stigma
(Fig. 4D; males lack a style and functional stigma), unlike
any other aervoid species. Aerva microphylla and A. revoluta
are bisexual plants with succulent leaves (especially noticeable
in the larger-leaved A. revoluta). Miller (1996) described
A. microphylla and A. revoluta as having bilobed (“bifid”) stig-
mas; however close examinations of multiple specimens of
both species under SEM revealed these species to consistently
possess unlobed, capitate stigmas (Fig. 4C), markedly different
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from the other species of Aerva and Omegandra, but similar to
Ptilotus (see Fig. 4F). A single genus for these three species,
while monophyletic, would be morphologically heterogeneous
in this important character. For this reason, we prefer to segre-
gate the two Socotran species from A. javanica at genus level
and describe the new genus Paraerva to accommodate them.
Aerva s.str. thus becomes monotypic, comprising only the
morphologically divergent A. javanica (= A. tomentosa
Forssk., the type of the genus).

Molecular evidence has indicated for some time that Aerva
clade II is sister to Ptilotus (Sage & al., 2007; Hammer & al.,
2015, 2017). All species examined in this clade have shortly bi-
lobed stigmas (Fig. 4D,E), distinctly different from other
aervoids. Ptilotus species have unlobed stigmas (Fig. 4F).
Aerva clade II includes the type of Ouret Adans. (O. lanata
(L.) Kuntze = A. lanata). Ouret is the earliest genus name in
Aerva but was rejected when Aerva was conserved (Appendix
III of the ICN, https://naturalhistory2.si.edu/botany/codes-
proposals/). With our segregation of Aerva into distinct genera,
Ouret again becomes available as a generic name, and is the
earliest available for this clade. We therefore reinstate Ouret
to accommodate the eight species recognised in Aerva clade II.

Taxonomic status of Kelita. — Kelita uncinella is a
prostrate annual herb known from only two populations 6 km
apart in central-eastern Queensland, Australia. Kelita was de-
scribed by Bean (2010) as being “closely allied to both Ptilotus
and Omegandra” (p. 105). Bean clearly regarded that
K. uncinella was most closely related to Ptilotus, but he ex-
cluded the new species from Ptilotus primarily on the basis
of it having inconspicuously denticulate leaf margins, zygo-
morphic flowers, a conspicuous sepal midrib and uncinate se-
pal apices, none of which he believed occurred elsewhere in
Ptilotus. He also contrasted the hard, indehiscent fruit, two fer-
tile stamens, lack of staminal cup appendages, and axillary in-
florescences of Kelita, all of which he considered to be rare in
Ptilotus. These comparisons ignore much of the morphological
variation within Ptilotus. Many species in Ptilotus have two
fertile stamens (~25 spp.) and many species lack staminal
cup appendages (~60 spp.). Leaf margins with small denticula-
tions are also found in P. polystachyus (Gaudich.) F.Muell.
Zygomorphic flowers occur in various Ptilotus spp. (e.g.,
P. declinatus, P. polystachyus and P. sericostachyus (Nees)
F.Muell.), and fruit dehiscence is variable (see below). The
only character that is truly unique to Kelita is the uncinate

Fig. 4. SEM images of style and stigma morphology in the various clades resolved in the aervoids. A, Omegandra kanisii (BRI AQ0766448); B,
Nothosaerva brachiata (E 00732828); C, Aerva revoluta (E 00161902); D, A. javanica (♀; PERTH 08743924); E, A. lanata (♀; E 00732832); F,
Ptilotus decipiens (PERTH 08854165). — Arrows indicate lobes on each stigma.
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sepal apices; this is an autapomorphy within the aervoids, and
hence uninformative of relationships.

In both the CDS and constrained phylogenies (Figs. 2,
3), K. uncinella is nested within clade B of Ptilotus. In the
latter phylogeny, K. uncinella is sister to P. decipiens
(Benth.) C.A.Gardner, a low annual herb that occurs widely
in arid Australia including Queensland. These species share
axillary inflorescences, but instead of uncinate sepal apices,
P. decipiens has straight-aristate bracteoles and sepals. Sepals
of both species have conspicuous midribs. The uncinate sepal
apices in K. uncinella and aristate apices in P. decipiens may
aid in dispersal of the fruit, which remains within the persis-
tent sepals, by animals (i.e., epizoochory; Bean, 2010). Most
other species of Ptilotus have sepals that are densely hairy
outside, the hairs aiding wind dispersal of the propagules
(Hammer & al., 2015, 2018b). Uncinate sepal apices,
probably also to aid in epizoochory, are seen in some species
in the achyranthoids (e.g., Cyathula uncinulata (Schrad.)
Schinz; see Di Vincenzo & al., 2018). Ptilotus decipiens
and other related species in clade B (e.g., P. villosiflorus
F.Muell. and P. chamaecladus Diels) also have a hard, indehis-
cent pericarp, as described for K. uncinella. Species in some
other clades of Ptilotus (e.g., P. helipteroides (F.Muell.)
F.Muell., P. gaudichaudii (Steud.) J.M.Black and allies in
clade D) also have hardened propagules, but in these the
persistent sepals harden around the enclosed fruit and pinch in-
ward above the ovary to form a tight, indurated covering around
the fruit, which has a papery pericarp (see Hammer & Davis,
2018; Hammer & al., 2018a). These are not homologous with
the fruits of K. uncinella and its close relatives.

Kelita uncinella has a reduced number of fertile stamens
(two) compared with other species in clade B (five); however,
a reduction in fertile stamen number (to as low as one) is com-
mon in the more derived clades D–F (see also Hammer & al.,
2015). The position of Kelita within clade B of Ptilotus is

highly supported, both with respect to morphology and the mo-
lecular data, and we thus synonymise Kelita within Ptilotus
and make the new combination Ptilotus uncinellus (A.R.Bean)
T.Hammer below.

■ TAXONOMIC TREATMENT

The paraphyly of Aerva could be resolved by sinking all
aervoid genera into a single genus, the correct name of which
would be Aerva. However, such a genus would be strikingly
heterogeneous, and would necessitate the loss of the largest,
most recognisable and morphologically distinctive genus,
Ptilotus. Given that all clades are morphologically
diagnosable, we prefer to split Aerva s.l. into the three genera
discussed above, viz. Aerva s.str., Ouret and Paraerva gen.
nov. We believe that this generic treatment provides the best
taxonomic and nomenclatural resolution of the aervoids, con-
sistent with their phylogeny, morphology and biogeography.

The following is a list of accepted genera within the
aervoids, diagnoses for each genus, lists of accepted species
(excluding Ptilotus), and new combinations resulting from this
study. Critical characters to differentiate the genera are pro-
vided in Table 1. The scope of this current work is to resolve
the generic relationships and provide a taxonomic framework
for future research. A full revisionary study within each genus
is forthcoming, including a treatment of Ptilotus for the Flora
of Australia (see https://profiles.ala.org.au/opus/foa).

Aerva Forssk., Fl. Aegypt.-Arab.: 170. 1775, nom. cons. –
Type: A. tomentosa Forssk. (= A. javanica (Burm.f.) Juss.
ex Schult.).
Diagnosis. – Erect dioecious perennial herbs or subshrubs.

Leaves alternate, simple, not succulent, obovate to oblanceo-
late; margins entire. Inflorescences spiciform, cylindrical,

Table 1. A comparison of characters between each of the genera recognised in the aervoids.

Character Omegandra Nothosaerva Paraerva Aerva s.str. Ouret Ptilotus

Sexuality Hermaphrodite Hermaphrodite Hermaphrodite Dioecious Dioecious,
gynodioecious or
hermaphrodite

Dioecious,
gynodioecious or
hermaphrodite

Habit Perennial herbs Annual herbs Subshrubs Perennial herbs
or subshrubs

Perennial herbs Shrubs, annual or
perennial herbs

Leaf orientation Alternate Alternate or
opposite

Alternate Alternate Alternate or opposite Alternate

Inflorescence axis Sessile Sessile Pedunculate Sessile Sessile Pedunculate or sessile

Inflorescence
orientation

Axillary Axillary or
terminal

Terminal Terminal Axillary or terminal Axillary or terminal

Sepal No. 4 4 5 5 5 5

Stamen No. 2 2 5 5 5 1–5

Staminodes Absent Absent Absent Absent Absent Absent to 4

Staminal cup
appendages

Present Absent Present Present Present Absent or present

Stigma lobes Minutely bilobed Unlobed Unlobed Long-bilobed Shortly bilobed Unlobed
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sessile, terminal, solitary or in clusters, often terminally panic-
ulate. Cymes 1-flowered, subtended by a bract. Flowers uni-
sexual, subtended by 2 bracteoles. Sepals 5 (3 inner and 2
outer), free. Male flowers lacking developed style and stigma;
female flowers lacking developed anthers and filaments. Sta-
mens 5, all fertile, united at their base into a short staminal
cup and alternating with short, triangular staminal cup append-
ages. Ovary slightly laterally compressed; ovule 1; style long,
straight, emergent; stigma feathery, deeply bilobed. Capsule
1-seeded, thin-walled, rupturing irregularly.

Distribution. – Occurs in W Africa, E Africa, S Asia, mar-
itime S Asia and N Australia.

Diversity. – 1 species.

Aerva javanica (Burm.f.) Juss. ex Schult. in Roemer &
Schultes, Syst. Veg. 5: 565. 1819 ≡ Iresine javanica
Burm.f., Fl. Indica: 212, t. 65, fig. 2. 1768 ≡ Illecebrum
javanicum (Burm.f.) L., Syst. Veg., ed. 13: 206. 1774 ≡
Achyranthes javanica (Burm.f.) Pers., Syn. Pl. 1: 259.
1805 – Lectotype (designated by Iamonico & Friis in
Taxon 66(5): 1210. 2017): [illustration] “Iresine javanica”
in Burman, Fl. Indica: t. 65, fig. 2. 1768 (image!).

= Celosia lanata L., Sp. Pl.: 205. 1753, non Aerva lanata (L.)
Juss. ex Schult. 1819 – Lectotype (designated by
Townsend in Polhill, Fl. Trop. East Afr., Amaranth.: 84.
1985): Sri Lanka. Herb. Hermann Vol. 4: 52 (BM barcode
BM000628252 [image!]).

= Aerva tomentosa Forssk., Fl. Aegypt.-Arab.: 170. 1775 –
Lectotype (designated by Townsend in Polhill, Fl. Trop.
East Afr., Amaranth.: 84. 1985): Egypt. Cairo, Forsskål
918 (C barcode C10001593).

= Iresine persica Burm.f., Fl. Indica: 212, t. 65, fig. 2. 1768 ≡
Ouret persica (Burm.f.) Kuntze, Revis. Gen. Pl. 2: 544.
1891 (‘Uretia’) ≡ Aerva persica (Burm.f.) Merr. in
Philipp. J. Sci. 19(3): 348. 1921 – Holotype (vide
Townsend in Polhill, Fl. Trop. East Afr., Amaranth.: 84.
1985): Iran. Herb. Burman (G).
Notes. – Schultes ascribed this species to Jussieu (1803),

but A.L. de Jussieu only stated that he believed Illecebrum
javanicum (Burm.f.) L. to be in Aerva, but did not specifically
assign the genus name with the specific epithet, as required in
Art. 35.2 in the ICN (Turland & al., 2018). Iamonico & Friis
(2017) includes a discussion on the nomenclature and lecto-
typification of Aerva tomentosa and Iresine javanica Burm.f.

Nothosaerva Wight, Icon. Pl. Ind. Orient. 6: 1. 1853 ≡
Pseudanthus Wight, Icon. Pl. Ind. Orient. 5(2): 3. 1852,
nom. illeg., non Sieber ex A.Spreng. – Type: N. brachiata
(L.) Wight.
Diagnosis. – Erect annual herbs. Leaves simple, opposite

or alternate, not succulent, narrowly ovate to lanceolate;
margins entire. Inflorescences spiciform, cylindrical, terminal
or axillary, clustered. Cymes 1-flowered, subtended by a bract.
Flowers bisexual, subtended by 2 bracteoles. Sepals 4 (2 inner
and 2 outer), free. Stamens 2, both fertile, united at their base
into a short staminal cup, opposite the two outer sepals;

staminal cup appendages absent. Ovary laterally compressed;
ovule 1; style very short, straight; stigma unlobed, capitate.
Capsule 1-seeded, thin-walled, rupturing irregularly.

Distribution. – Occurs throughout Sub-Saharan Africa, the
Maldives, Mauritius, and southern parts of Asia (from Arabia
to Borneo).

Diversity. – 1 species.

Nothosaerva brachiata (L.) Wight, Icon. Pl. Ind. Orient. 6: 1.
1853 ≡ Achyranthes brachiata L., Mant. Pl.: 50. 1767 ≡
Illecebrum brachiatum (L.) L., Mant. Pl.: 213. 1771 ≡
Aerva brachiata (L.) Mart., Beitr. Amarantac.: 83. 1825
≡ Pseudanthus brachiatus (L.) Wight, Icon. Pl. Ind. Ori-
ent. 5(2): 3. 1852 – Lectotype (designated by Townsend
in Nasir & Ali, Fl. W. Pakistan 71: 32. 1974): Herb. Linn.
No. 290.1 (LINN [image!]).

= Illecebrum bengalense L., Mant. Pl.: 213. 1771 ≡
Achyranthes bengalensis (L.) Lam., Encycl. 1: 549. 1785
– Lectotype (designated by Iamonico & Friis in Taxon
66(5): 1209. 2017): Herb. Linn. No. 290.18 (LINN [im-
age!]).

Omegandra G.J.Leach & C.C.Towns. in Kew Bull. 48(4):
787. 1993 – Type: O. kanisii G.J.Leach & C.C.Towns.
Diagnosis. – Prostrate to decumbent bisexual perennial

herbs. Leaves simple, alternate, elliptic to lanceolate; margins
entire. Inflorescences spiciform, cylindrical, axillary, solitary
or in clusters. Cymes 1-flowered, subtended by a bract. Flowers
bisexual, subtended by 2 bracteoles. Sepals 4 (2 inner and 2
outer), free. Stamens 2, both fertile, united at their base into a
short staminal cup that is open on the abaxial sidewith 3 staminal
cup appendages alternating with the stamens. Ovary slightly lat-
erally compressed; ovule 1; style straight; stigma minutely bi-
lobed. Capsule 1-seeded, thin-walled, rupturing irregularly.

Distribution. – Occurs in the northern parts of Queensland
and the Northern Territory, Australia.

Diversity. – 1 species.

Omegandra kanisii G.J.Leach & C.C.Towns. in Kew Bull.
48(4): 787. 1993 – Holotype: Australia. Northern
Territory: South Alligator Floodplain, Kakadu National
Park, 7 Aug 1990, I. Cowie 1334 (DNA barcode
DNA-D0053029 [image!]; isotypes: BRI barcode BRI-
AQ0511960 [image!], CANB barcode CANB00402446
[image!], K barcode K000587476 [image!]).

Ouret Adans., Fam. Pl. 2: 268, 586. 1763 (‘Uretia’ Kuntze,
Revis. Gen. Pl. 2: 544. 1891, orth. var.) – Type (desig-
nated by Rickett & Stafleu in Taxon 8: 268. 1959):
O. lanata (L.) Kuntze.
Diagnosis. – Decumbent to erect bisexual or dioecious an-

nual or perennial herbs. Leaves simple, alternate or opposite,
not succulent, ovate, obovate or elliptic; margins entire, some-
times revolute. Inflorescences spiciform, cylindrical, sessile,
terminal or axillary, solitary or in clusters. Cymes 1-flowered,
subtended by a bract. Flowers unisexual or bisexual, subtended
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by 2 bracteoles. Sepals 5 (3 inner and 2 outer), free. Male
flowers (when unisexual) lacking developed stigma; female
flowers lacking developed anthers and filaments. Stamens 5,
all fertile, united at their base into a short staminal cup and al-
ternating with short to long, broadly to narrowly triangular
staminal cup appendages. Ovary slightly laterally compressed;
ovule 1; style straight; stigma shortly bilobed. Capsule 1-
seeded, thin-walled, rupturing irregularly.

Distribution. – Occurs in tropical W Africa, S Africa,
E Africa, Madagascar, Mauritius and nearby islands, and
southern Asia (i.e., including Arabia, India, Indochina and
maritime S Asia).

Diversity. – 8 species.
Notes. – Adanson (1763: 586) described Ouret based on

Achyranthes lanata L. and Celosia lanata L. Adanson’s name
was given a latinised form, “Uretia”, by Rafinesque (1837:
40), who cited Achyranthes alternifolia L. (≡ Uretia
alternifolia (L.) Raf.) as type. Achyranthes alternifolia is now
an accepted synonym of Digera muricata (L.) Mart. subsp.
muricata by way of D. alternifolia (L.) Aschers. (see Miller,
1996: 293). Kuntze (1891: 544) combined several Aerva spe-
cies under “Uretia” (again, a latinised orthographic variant of
Ouret) and cited Achyranthes lanata and Celosia lanata, pre-
sumably unaware of Rafinesque’s previous treatment. Hiern
(1900: 883) included three of Kuntze’s species under Ouret,
giving Kuntze’s “Uretia” names as synonyms.

The conservation of the name Aerva over Ouret was pro-
posed by Ascherson (1892: 333;Ouret, as “Oureti”) and Harms
(1904: 17) and later ratified in 1905 by the II International Bo-
tanical Congress, Vienna (Briquet, 1906: 241). Rickett &
Stafleu (1959: 268) later specified Achyranthes lanata as the
type for Ouret. As the name Ouret is validly published, it re-
mains the earliest available for our segregate genus. Species
within our concept of Ouret that Kuntze (1891) formally in-
cluded in “Uretia”wereO. lanata (L.) Kuntze,O. sanguinolenta
(L.) Kuntze, O. glabrata (Hook.f.) Kuntze, O. congesta (Balf.f.
ex Baker) Kuntze and O. leucura (Moq.) Kuntze.

Thiv & al. (2006) included multiple accessions of
O. lanata in their phylogenetic analysis of Aerva s.l. and found
that some of these grouped with specimens of O. sanguinolenta
while others grouped with O. leucura. A thorough investiga-
tion of taxonomic boundaries among these species is war-
ranted, which is outside the scope of the current study. For
this reason, we have chosen not to designate lectotypes for
the species of Ouret at this time.

Ouret congesta (Balf.f. ex Baker) Kuntze, Revis. Gen. Pl. 2:
544. 1891 (‘Uretia’) ≡ Aerva congesta Balf.f. ex
Baker, Fl. Mauritius: 267. 1877 – Syntypes: Mauritius.
“Rodrigues, only on coral, near the shore”, 1874, Balfour
s.n. (K barcode K000243711 [image!], M barcode M-
0088599 [image!]).

Ouret coriacea (Schinz) T.Hammer, comb. nov. ≡ Aerva
coriacea Schinz in Vierteljahrsschr. Naturf. Ges. Zürich
76: 141. 1931 – Syntypes: Madagascar. “Prov. Tuléar,

collines calcaires du Fiherena”, F. Geay 5308 (P barcode
P04942221 [image!]); F. Geay 5308 bis (P barcode
P00347809 [image!]).

Ouret glabrata (Hook.f.) Kuntze, Revis. Gen. Pl. 2: 544. 1891
(‘Uretia’) ≡ Aerva glabrata Hook.f., Fl. Brit. India 4(12):
728. 1885 – Syntype: Myanmar. Griffith 4185 (K barcode
K000848082 [image!]).

Ouret humbertii (Cavaco) T.Hammer, comb. nov. ≡ Aerva
humbertii Cavaco in Bull. Soc. Bot. France 99: 253.
1952 – Syntypes: Madagascar. “Vallée de la Manam-
bolo”, H. Humbert 12848 (P barcodes P00346821
[image!] & P00346822 [image!]).

Ouret lanata (L.) Kuntze, Revis. Gen. Pl. 2: 544. 1891
(‘Uretia’) ≡ Achyranthes lanata L., Sp. Pl.: 204. 1753 ≡
Illecebrum lanatum (L.) L., Mant. Pl.: 344. 1771 ≡ Aerva
lanata (L.) Juss. ex Schult. in Roemer & Schultes, Syst.
Veg. 5: 564. 1819 – Lectotype (designated by Iamonico
in Taxon 63(2): 407. 2014): [illustration] “AMARANTUS
spicatus Zeylanicus, foliis obtusis, &c” in Burman, Thes.
Zeylan.: t. 26, fig. 1. 1736 (“1737”) (image!).

= Achyranthes villosa Forssk., Fl. Aegypt.-Arab.: 48. 1775 –
Syntypes: Yemen. Al Hadiyah, Mar 1763, P. Forsskål
203 (C barcode C10001571 [image!], LD barcode
LD1756837 [image!]).

= Aerva elegans Moq. in Candolle, Prodr. 13(2): 303. 1849 –
Syntypes: Yemen. “Arabie [Arabia] Taifa Mont
Moamara”, 1838, P.E. Botta s.n. (P barcodes P00609991
[image!] & P00609992 [image!]).

Ouret leucura (Moq.) Kuntze, Revis. Gen. Pl. 2: 544. 1891
(‘Uretia’) ≡ Aerva leucura Moq. in Candolle, Prodr.
13(2): 302. 1849 ≡ Illecebrum leucurum Hort. Berol. ex
Moq. in Candolle, Prodr. 13(2): 302. 1849 ≡ Aerva
burchellii Moq., Prodr. 13(2): 302. 1849 – Syntype:
South Africa. Griqualand West: “at Griquatown
[Griekwastad] in Leeuwenkuil Valley”, 14 Dec 1811,
W.J. Burchell 1892 (K barcode K000243712 [image!]).

= Aerva ambigua Moq. in Candolle, Prodr. 13(2): 302. 1849 –
Syntype: South Africa. Transvaal: “In Africa australi
ad Vaal River”, Burke s.n. (K barcode K000243714
[image!]).

Ouret sanguinolenta (L.) Kuntze, Revis. Gen. Pl. 2: 544. 1891
(‘Uretia’) ≡ Achyranthes sanguinolenta L., Sp. Pl., ed. 2:
294. 1762 ≡ Illecebrum sanguinolentum (L.) L., Mant. Pl.:
344. 1771 ≡ Aerva sanguinolenta (L.) Blume, Bijdr. Fl.
Ned. Ind.: 547. 1826 – Lectotype (designated by
Townsend in Nasir & Ali, Fl. W. Pakistan 71: 30. 1974):
Herb. Linn. No. 290.3 (LINN [image!]).

= Achyranthes scandens Roxb., Fl. Ind. 2: 503. 1824 ≡ Aerva
scandens (Roxb.) Wight, Icon. Pl. Ind. Orient. 2: t. 724.
1843 ≡ Aerva scandens (Roxb.) Moq., Prodr. 13(2): 302.
1849, nom. superfl. ≡ Aerva scandens (Roxb.) Wall. ex
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Hook.f., Fl. Brit. India 4(12): 727–728. 1885, nom.
superfl. ≡ Ouret scandens (Roxb.) Hiern, Cat. Afr. Pl. 1:
893. 1900 – Syntype: s. loc., N. Wallich 6911 (BR
barcode BR00000006950354 [image!]).

= Aerva timorensis Moq. in Candolle, Prodr. 13(2): 301. 1849
– Syntype: Indonesia. Timor: “Ile de Timor”, J. Decaisne
s.n. (P barcode P00610525 [image!]).

= Aerva velutina Moq. in Candolle, Prodr. 13(2): 301. 1849 –
Syntypes: Philippines. “Is of Panay”, Mar 1837,
H. Cuming 1635 (K barcode K000848079 [image!]);
“Indes orientales”, N. Wallich 833 (P barcodes
P00609997 [image!] & P00609998 [image!]).

Ouret triangularifolia (Cavaco) T.Hammer, comb. nov. ≡
Aerva triangularifolia Cavaco in Bull. Soc. Bot. France
99: 253. 1953 – Syntypes: Madagascar. “Environs de
Tuléar”, Aug 1919, H. Perrier de la Bâthie 12790
(P barcodes P00347804 [image!] & P00347805 [image!]).

Paraerva T.Hammer, gen. nov. – Type: P. revoluta (Balf.f.)
T.Hammer (≡ Aerva revoluta Balf.f.).
Diagnosis. – Erect bisexual subshrubs. Leaves alternate,

succulent or semi-succulent, obovate, simple, discolorous;
margins entire, sometimes revolute. Inflorescences spiciform,
cylindrical to ovoid, sessile or pedunculate, terminal, solitary
or in clusters. Cymes 1-flowered, subtended by a bract.
Flowers bisexual, subtended by 2 bracteoles. Sepals 5 (3 inner
and 2 outer), free. Stamens 5, all fertile, united at their base into
a short staminal cup and alternating with short, triangular
staminal cup appendages. Ovary slightly laterally compressed;
ovule 1; style short, straight; stigma unlobed, capitate (Fig. 4C).
Capsule 1-seeded, thin-walled, rupturing irregularly.

Distribution. – Endemic to the island of Socotra.
Diversity. – 2 species.
Etymology. – From the Greek para- (“beside” or “next to”)

and the genus name Aerva, referring to the phylogenetic place-
ment of the new genus with respect to Aerva.

Paraerva microphylla (Moq.) T.Hammer, comb. nov. ≡ Aerva
microphylla Moq. in Candolle, Prodr. 13(2): 301. 1849 ≡
Ouret microphylla (Moq.) Kuntze, Revis. Gen. Pl. 2: 544.
1891 (‘Uretia’) – Lectotype (designated here): Yemen.
Socotra: Nimmo s.n. (K barcode K000243701 [image!]).

Paraerva revoluta (Balf.f.) T.Hammer, comb. nov. ≡ Aerva
revoluta Balf.f., Proc. Roy. Soc. Edinburgh 12: 92. 1884
≡ Ouret revoluta (Balf.f.) Kuntze, Revis. Gen. Pl. 2:
544. 1891 (‘Uretia’) – Lectotype (designated here):
Yemen. Socotra: “in montibus Haghier”, Dec 1883, B.C.S.
478 (K barcode K000243697 [image!]).
Notes. – Of the two specimens cited in the protologue by

Balfour (1884), we nominate B.C.S. 478 (K000243697) as
the lectotype. It consists of four flowering woody stems with
leaves and matches the protologue. The specimen
Schweinfurth 558 (M-0107324) consists of a single plant with
several flowering stems attached to a woody base.

Ptilotus R.Br., Prodr.: 415. 1810 – Type (designated by
Iamonico in Phytotaxa 350(2): 151. 2018): P. corymbosus
R.Br.

= Trichinium R.Br., Prodr.: 414. 1810 – Type: none des-
ignated.

= Goniotriche Turcz. in Bull. Soc. Imp. Naturalistes Moscou
22(3): 37 1849 – Type: G. tomentosa Turcz. (= Ptilotus
obovatus (Gaudich.) F.Muell.).

= Hemisteirus F.Muell. in Linnaea 25: 434. 1853 – Type:
H. psilotrichodes F.Muell. (≡ Ptilotus modestus
T.Hammer).

= Dipteranthemum F.Muell. ex Oliv. in Hooker’s Icon. Pl. 16:
t. 1541. 1886 – Type: D. crosslandii F.Muell ex Oliv.
(≡ Ptilotus crosslandii (F.Muell. ex Oliv.) Benl).

= Kelita A.R.Bean in Muelleria 28(2): 105. 2010, syn. nov. –
Type: K. uncinella A.R.Bean (≡ Ptilotus uncinellus
(A.R.Bean) T.Hammer).

– “Arthrotrichum” F.Muell. in Trans. Bot. Soc. Edinburgh 7:
500. 1863, not validly published (Art. 36.1).
Diagnosis. – Erect, decumbent or prostrate bisexual, rarely

dioecious (1 sp.) or gynodioecious shrubs or annual or peren-
nial herbs. Leaves simple, alternate or rarely subopposite, not
or rarely succulent, linear to orbicular, concolorous or rarely
discolorous; margins entire or rarely denticulate, sometimes
revolute or undulate. Inflorescences spiciform, ovoid to cylin-
drical, sessile or pedunculate, terminal or axillary, solitary or
in clusters. Cymes 1-flowered, subtended by a bract. Flowers
bisexual or unisexual, subtended by 2 bracteoles, often showy
and coloured. Sepals 5 (3 inner and 2 outer), free. Stamens 5,
all fertile or 1–4 fertile and the others reduced to inconspicuous
or showy staminodes, united at their base into a staminal cup;
staminal cup appendages absent or present and alternating with
stamens. Ovary slightly laterally compressed; ovule 1; style
centrally or eccentrically fixed on the ovary, short or long,
straight, curved or sigmoid; stigma unlobed, capitate. Capsule
1-seeded, thin-walled and rupturing irregularly, rarely indurate
and indehiscent.

Distribution. – All species are native to continental
Australia; some species also occur on adjacent islands (e.g.,
P. capensis (Benl) A.R.Bean extending to the Torres Strait
Islands) and Tasmania (i.e., P. spathulatus (R.Br.) Poir.), with
only P. conicus extending outside of Australia to the Lesser
Sunda Islands (e.g., Timor) and Aru Islands (i.e., Trangan).

Diversity. – Approximately 120 species.
Notes. –A full list and an electronic identification key to the

species of Ptilotus is maintained and updated regularly on the
online platform KeyBase (available at http://keybase.rbg.vic.
gov.au/keys/show/6609). See Hammer & al. (2015) for a dis-
cussion on the taxonomic history of Ptilotus, Trichinium and
Dipteranthemum F.Muell. ex Oliv. and Hammer & al. (2018a)
for discussion of Hemisteirus F.Muell. Ptilotus corymbosus
R.Br., one of the two original species of the genus, was recently
designated as the type of the genus name by Iamonico (2018).

Dipteranthemum is sometimes attributed to F.Muell. (in
S. Sci. Rec. 3: 281. 1883 or 1884). However, it appears that
the relevant portion of Volume 3 of the Southern Science
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Record was never published. Although Mueller distributed
“extra-prints” of his own paper to a small number of correspon-
dents this is not regarded as meeting the requirements of effec-
tive publication under ICN Art. 29. The names were later
validly published by Oliver as a descriptio generico-specifica
under ICN Art. 38.5 (Turland & al., 2018).

Ptilotus uncinellus (A.R.Bean) T.Hammer, comb. nov. ≡
Kelita uncinella A.R.Bean in Muelleria 28(2): 106–109,
fig. 1. 2010 – Holotype: Australia. Queensland: WNW
of Glenden [precise locality withheld for conservation
reasons], 8 Jun 2009, A.R. Bean 29009 (BRI barcode
BRI-AQ0821100 [image!]; isotypes: CANB barcode
CANB00725761 [image!], K barcode K000913312 [im-
age!], L barcode L.3709750 [image!], MEL barcode
MEL 2358710 [image!], NY barcode 01842825 [image!]).
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Appendix 1. Voucher information and GenBank accession numbers for taxa used in the Sanger dataset.

Taxon names follow changes outlined in the taxonomic treatment. Taxon name, collection country (state), collector(s) and collection number (herbarium code),
GenBank accession number for ITS (or ITS1 & ITS2) and matK. An asterisk (*) indicates newly generated sequences for this study.

Achyranthes aspera L., Australia (Western Australia), R. Barrett 8308 (PERTH), KP875780, KP875780; Aerva javanica (Burm.f.) Juss. ex Schult., Australia
(Western Australia), L. Hunt LH 20 (PERTH), KP875878, KP875781; Alternanthera pungens Kunth, U.S.A., T. Borsch, D. Pratt & K. Müller 3449 (BONN,
ISC), –, AY514795; Amaranthus caudatus L., Bolivia, Ames 13860 (BARC), KC747415, KC747132; Arthraerua leubnitizae Schinz, Namibia
(Swakopmund), D. Long & D. Rae 760 (E), MK013148*, MK013122*; Gomphrena flaccida R.Br., Australia (Western Australia), P. Courtney 203 (PERTH),
KP875879, KP875782; Gomphrena kanisii J.Palmer, Australia (Western Australia), G. Byrne 2773 (PERTH), KP875880, KP875783; Nothosaerva brachiata
(L.) Wight, Burkina Faso, Anonymous s.n. (FR), –, AY514806; Omegandra kanisii G.J.Leach & C.C.Towns., Australia (Northern Territory), P. Jobson &
C. Martine 12480 (NT), MK013149*, MK013123*; Ouret congesta (Balf.f. ex Baker) Kuntze, Mauritius, Hansen s.n. (MAU), AJ829504 & AJ829477,
AJ833650; Ouret coriacea (Schinz) T.Hammer, Madagascar, Phillipson & Rabes 3141 (WAG), AJ829506 & AJ829506, AJ833651; Ouret glabrata (Hook.f.)
Kuntze, China (Guizhou), S. Tan 0472 (PE), MK013150*, MK013124*; Ouret lanata (L.) Kuntze, Yemen (Socotra), M. Thiv 3118 (STU, Z), AJ829519 &
AJ829492, AJ833662; Ouret leucura (Moq.) Kuntze, Zimbabwe, Schneller 16 (Z), AJ829522 & AJ829495, AJ833665; Ouret sanguinolenta (L.) Kuntze,
Bhutan, Grierson & Long 4536 (E), AJ829526 & AJ829499, AJ833668; Ouret triangularifolia (Cavaco) T.Hammer, Madagascar, Randrianaivo 362 (MO),
AJ829528 & AJ829501, AJ833670; Paraerva microphylla (Moq.) T.Hammer, Yemen (Socotra), M. Thiv 3233 (STU, Z), AJ829524 & AJ829497, AJ833666;
Paraerva revoluta (Balf.f.) T.Hammer, Yemen (Socotra), M. Thiv 3179 (STU, Z), AJ829525 & AJ829498, AJ833667; Ptilotus actinocladus T.Hammer &
R.W.Davis, Australia (Western Australia), G. Byrne 307 (PERTH), KP875954, KP875857; Ptilotus aervoides (F.Muell.) F.Muell., Australia (Western
Australia), R. Davis, T. Hammer & B. Anderson RD 12267 (PERTH), KP875881, KP875784; Ptilotus albidus (C.A.Gardner) Benl, Australia (Western
Australia), K. Thiele 3289 (PERTH), KP875882, KP875785; Ptilotus alexandri Benl, Australia (Western Australia), C. Page DHI 78 (PERTH), KP875883,
KP875786; Ptilotus andersonii R.W.Davis, Australia (Western Australia), S. Patrick 2787 (PERTH), –, MK013125*; Ptilotus angustifolius T.Hammer,
Australia (South Australia), K. Brewer 895 (PERTH), MK013151*, MK013126*; Ptilotus aphyllus Benl, Australia (Western Australia), R. Davis 2007
(PERTH), KP875884, KP875787; Ptilotus appendiculatus Benl, Australia (Western Australia), R. Davis 11812 (PERTH), KP875885, KP875788; Ptilotus
aristatus Benl subsp. aristatus, Australia (South Australia), R. Bates 58592 (AD), KP875886, KP875789; Ptilotus aristatus subsp. micranthus Albr. & Lally,
Australia (Northern Territory), G. Leach & M. Leach 1851 (CANB), KP875887, KP875790; Ptilotus arthrolasius F.Muell., Australia (Western Australia),
R. Davis 11821 (PERTH), KP875888, KP875791; Ptilotus astrolasius F.Muell., Australia (Western Australia), R. Davis 11795 (PERTH), KP875889,
KP875792; Ptilotus auriculifolius (A.Cunn. ex Moq.) F.Muell., Australia (Western Australia), R. Davis 11815 (PERTH), KP875890, KP875793; Ptilotus
axillaris (F.Muell. ex Benth.) F.Muell., Australia (Western Australia), R. Davis 11793 (PERTH), KP875891, KP875794; Ptilotus barkeri Benl, Australia (South
Australia), E. James 153 (NT), MK013152*, MK013127*; Ptilotus beardii Benl, Australia (Western Australia), R. Davis 11343 (PERTH), KP875892,
KP875795; Ptilotus beckerianus (F.Muell.) F.Muell. ex J.M.Black, Australia (South Australia), F. Davies 1432 (CBG), KP875893, KP875796; Ptilotus benlii
R.W.Davis & T.Hammer, Australia (Western Australia), R. Davis 10952 (PERTH), MK013153*, MK013128*; Ptilotus blackii Benl, Australia (Western
Australia), R. Davis 11966 (PERTH), KP875894, KP875797; Ptilotus calostachyus F.Muell., Australia (Western Australia), R. Davis 11816 (PERTH),
KP875895, KP875798; Ptilotus capensis (Benl) A.R.Bean, Australia (Queensland), D. Crayn & S. Worboys 1346 (CNS), –, MK013129*; Ptilotus capitatus
(F.Muell.) C.A.Gardner, Australia (Western Australia), G. Byrne 1642 (PERTH), KP875896, KP875799; Ptilotus carinatus Benl, Australia (Western Australia),
D. Edinger 5125 (PERTH), KP875897, KP875800; Ptilotus carlsonii F.Muell., Australia (Western Australia), R. Meissner & R. Coppen 4224 (PERTH),
MK013154*, MK013130*; Ptilotus chamaecladus Diels, Australia (Western Australia), R. Davis, T. Hammer & B. Anderson RD 12296 (PERTH), KP875898,
KP875801; Ptilotus chippendalei Benl, Australia (Western Australia), R. Chinnock 572 (AD), KP875899, KP875802; Ptilotus chortophytus (Diels) Schinz
Australia (Western Australia), R. Davis 10923 (PERTH), KP875900, KP875803; Ptilotus chrysocomus R.W.Davis, Australia (Western Australia), J. Williams
s.n. (PERTH), KP875901, KP875804; Ptilotus clementii (Farmar) Benl, Australia (Western Australia), R. Davis 11817 (PERTH), KP875902, KP875805; Ptilotus
clivicola R.W.Davis & T.Hammer, Australia (Western Australia), C. Payne s.n. (PERTH), KP875903, KP875806; Ptilotus comatus Benl, Australia (Northern
Territory), K. Brennan 10363 (DNA), MK013155*, MK013131*; Ptilotus conicus R.Br., Australia (Western Australia), R. Barrett & M. Barrett 3134 (PERTH),
KP875904, KP875807; Ptilotus corymbosus R.Br., Australia (Western Australia), G. Byrne 3400 (PERTH), KP875905, KP875808; Ptilotus crispus Benl,
Australia (Western Australia), R. Barrett & M. Barrett 3156 (PERTH), KP875906, KP875809; Ptilotus crosslandii (F.Muell. ex Oliv.) Benl, Australia (Western
Australia), R. Davis, T. Hammer & B. Anderson RD 12286 (PERTH), KP875907, KP875810; Ptilotus daphne Lally, Australia (Western Australia), N. Gibson
6505 (PERTH), KP875908, KP875811; Ptilotus decalvatus Benl, Australia (Western Australia), P. Chukowry BES PC 039 (PERTH), KP875909, KP875812;
Ptilotus decipiens (Benth.) C.A.Gardner, Australia (Western Australia), D.J. Edinger 1870 (PERTH), KP875910, KP875813; Ptilotus declinatus Nees
Australia (Western Australia), R. Davis & P. Jobson RD 12004 (PERTH), KP875911, KP875814; Ptilotus disparilis Lally, Australia (South Australia), K. Brewer
722 (AD), MK013156*, MK013132*; Ptilotus dissitiflorus (F.Muell.) F.Muell., Australia (Northern Territory), P. Jobson 11869 (NT), –, MK013133*; Ptilotus
distans (R.Br.) Poir., Australia (Western Australia), R. Barrett 737 (PERTH), KP875912, KP875815; Ptilotus divaricatus (Gaudich.) F.Muell., Australia (Western
Australia), T. Hammer & R. Davis TH 71 (PERTH), MK013157*, MK013134*; Ptilotus drummondii (Moq.) F.Muell., Australia (Western Australia), G. Byrne
2040 (PERTH), KP875913, KP875816; Ptilotus eremita (S.Moore) T.Hammer & R.W.Davis, Australia (Western Australia), R. Davis 12114 (PERTH),
KP875921, KP875824; Ptilotus eriotrichus (W.Fitzg. ex Ewart & J.White) P.S.Short, Australia (Western Australia), I. Fordyce MU 55-37 (PERTH),
KP875914, KP875817; Ptilotus erubescens Schltdl., Australia (South Australia), K. Graham BS117-1227 (AD), MK013158*, MK013135*; Ptilotus esquamatus
(Benth.) F.Muell., Australia (Western Australia), R. Davis 11292 (PERTH), KP875915, KP875818; Ptilotus exaltatus Nees, Australia (Western Australia),
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Appendix 1. Continued.

R. Davis, T. Hammer & B. Anderson RD 12295 (PERTH), KP875945, KP875848; Ptilotus exiliflorus R.W.Davis, Australia (Western Australia), J. Firth 692
(PERTH), KP875916, KP875819; Ptilotus falcatus R.W.Davis & T.Hammer, Australia (Western Australia), R. Warner & S. Werner WWF 12-14 (PERTH),
KP875917, KP875820; Ptilotus fasciculatus W.Fitzg. Australia (Western Australia), J. Richardson s.n. (PERTH 07292767), KP875918, KP875821; Ptilotus
fusiformis (R.Br.) Poir., Australia (Western Australia), R. Davis & R. Butcher RD 11819 (PERTH), KP875919, KP875822; Ptilotus gardneri Benl, Australia
(Western Australia), R.W. Purdie 4895 (PERTH), KP875920, KP875823; Ptilotus gaudichaudii (Steud.) J.M.Black, Australia (Western Australia), R. Davis,
T. Hammer & B. Anderson RD 12283 (PERTH), KP875922, KP875825; Ptilotus giganteus (A.Cunn. ex Moq.) R.W.Davis & R.Butcher, Australia (Western
Australia), K.F. Kenneally K 11831 (PERTH), KP875924, KP875827; Ptilotus gomphrenoides F.Muell. ex Benth., Australia (Western Australia), R. Davis,
T. Hammer & B. Anderson RD 12280 (PERTH), KP875925, KP875828; Ptilotus grandiflorus F.Muell., Australia (Western Australia), M. Trudgen & M. Guest
22546 (PERTH), KP875926, KP875829; Ptilotus halophilus R.W.Davis, Australia (Western Australia), I. Fordyce KL 25-1 (PERTH), KP875927, KP875830;
Ptilotus helichrysoides (F.Muell.) F.Muell., Australia (Western Australia), J. Jackson, A. Brown & B. Moyle DLP 128 (PERTH), KP875928, KP875831; Ptilotus
helipteroides (F.Muell.) F.Muell., Australia (Western Australia), R. Davis, T. Hammer & B. Anderson RD 12274 (PERTH), KP875929, KP875832; Ptilotus
holosericeus (Moq.) F.Muell., Australia (Western Australia), R. Davis 11829 (PERTH), KP875930, KP875833; Ptilotus humilis (Nees) F.Muell., Australia
(Western Australia), R. Davis 12361 (PERTH), KP875931, KP875834; Ptilotus incanus (R.Br.) Poir., Australia (Western Australia), P. Hurter WP15 (PERTH),
KP875932, KP875835; Ptilotus indivisus Benl, Australia (New South Wales), T. Lally 1675 (CANB), MK013159*, MK013136*; Ptilotus johnstonianusW.Fitzg.,
Australia (Western Australia), H. Dauncey H337 (PERTH), KP875933, KP875836; Ptilotus kenneallyanus Benl, Australia (Western Australia), G. Byrne
1484 (PERTH), KP875934, KP875837; Ptilotus lanatus A.Cunn. ex Moq., Australia (Western Australia), G. Byrne 1349 (PERTH), MK013160*, MK013137*;
Ptilotus latifolius R.Br., Australia (Western Australia), R. Davis 11791 (PERTH), KP875935, KP875838; Ptilotus lazaridis Benl, Australia (Western Australia),
P. Hurter s.n. (PERTH 08406812), KP875936, KP875839; Ptilotus leucocoma (Moq.) F.Muell., Australia (New South Wales), R. Purdie 7832 (CANB),
KP875937, KP875840; Ptilotus lophotrichus Benl, Australia (Northern Territory), K. Brennan 9293 (DNA), MK013161*, MK013138*; Ptilotus luteolus (Benl
& H.Eichler) R.W.Davis, Australia (Western Australia), S. Kern & D. True 12043 (PERTH), MK013162*, MK013139*; Ptilotus maconochiei Benl, Australia
(Queensland), D. Kelman 141 (BRI), KP875938, KP875841; Ptilotus macrocephalus (R.Br.) Poir., Australia (Western Australia), R. Davis 11787 (PERTH),
KP875939, KP875842; Ptilotus manglesii (Lindl.) F.Muell., Australia (Western Australia), R. Davis & P. Jobson RD 12005 (PERTH), KP875940,
KP875843; Ptilotus marduguru Benl, Australia (Western Australia), Sweedman LSJ 6574 (PERTH), KP875941, KP875844; Ptilotus mitchellii Benl,
Australia (Western Australia), E. Thoma ET 1335 (PERTH), KP875942, KP875845; Ptilotus modestus T.Hammer, Australia (New South Wales), R. Purdie
7847 (CANB), KP875923, KP875826; Ptilotus mollis Benl, Australia (Western Australia), J. Bull ONS JSF 338.02 (PERTH), KP875943, KP875846; Ptilotus
murrayi F.Muell., Australia (Western Australia), K. Thiele 4583 (PERTH), KP875944, KP875847; Ptilotus nobilis (Lindl.) F.Muell., Australia (South Australia),
T. Hammer & K. Thiele TH 84 (PERTH), MK013163*, MK013140*; Ptilotus obovatus (Gaudich.) F.Muell., Australia (Western Australia), R. Davis, T. Hammer
& B. Anderson RD 12268 (PERTH), KP875947, KP875850; Ptilotus parvifolius (F.Muell.) F.Muell., Australia (South Australia), D. Duval 17 (AD), –,
MK013141*; Ptilotus pedleyanus Benl & H.Eichler, Australia (Queensland), J. Silcock JLS680 (BRI), KP875948, KP875851; Ptilotus polakii subsp. juxtus
Lally, Australia (Western Australia), R. Davis 11797 (PERTH), KP875949, KP875852; Ptilotus polakii F.Muell. subsp. polakii, Australia (Western Australia),
R. Davis 11788 (PERTH), KP875950, KP875853; Ptilotus polystachyus (Gaudich.) F.Muell., Australia (Western Australia), R. Davis 12276 (PERTH),
KP875951, KP875854; Ptilotus procumbens Benl Australia (Western Australia), P. Armstrong 06/860 (PERTH), KP875952, KP875855; Ptilotus propinquus
Lally, Australia (South Australia), H. Vonow 2184 (AD), KP875953, KP875856; Ptilotus pyramidatus (Moq.) F.Muell., Australia (Western Australia), C. Tauss
4102 (PERTH), KP875955, KP875858; Ptilotus remotiflorus Benl, Australia (Queensland), A. Emmott B689A (BRI), KP875956, KP875859; Ptilotus rigidus
Lally, Australia (Western Australia), J. Jackson 290 (PERTH), KP875957, KP875860; Ptilotus roei (F.Muell. ex Benth.) F.Muell., Australia (Western
Australia), R. Davis, T. Hammer & B. Anderson RD 12277 (PERTH), KP875958, KP875861; Ptilotus rotundatus Benl, Australia (Northern Territory), K. Bren-
nan 9109 (DNA), MK013164*, MK013142*; Ptilotus rotundifolius (F.Muell.) F.Muell., Australia (Western Australia), R. Davis, T. Hammer & B. Anderson RD
12288 (PERTH), KP875959, KP875862; Ptilotus royceanus (Benl), Australia (Northern Territory), P. Jobson 10779 (NT), KP875960, KP875863; Ptilotus
schwartzii (F.Muell.) Tate, Australia (Western Australia), R. Davis, T. Hammer & B. Anderson RD 12273 (PERTH), KP875961, KP875864; Ptilotus semilanatus
(Lindl.) J.M.Black, Australia (New South Wales), R. Purdie 7814 (CANB), KP875946, KP875849; Ptilotus seminudus (J.M.Black) J.M.Black, Australia (West-
ern Australia), G. Cockerton & N. McQuoid LCH 15892 (PERTH), KP875962, KP875865; Ptilotus sericostachyus (Nees) F.Muell., Australia (Western
Australia), R. Davis 11298 (PERTH), KP875963, KP875866; Ptilotus sessilifolius (Lindl.) Benl, Australia (Western Australia), R. Cranfield 21749 (PERTH),
KP875964, KP875867; Ptilotus sp. Arckaringa (D.J.Duval 1958), Australia (South Australia), D. Duval 1958 (AD), –, MK013143*; Ptilotus spathulatus (R.Br.)
Poir., Australia (Western Australia), W. Thompson & J. Allen 1445 (PERTH), KP875965, KP875868; Ptilotus spicatus F.Muell. ex Benth., Australia (Western
Australia), G. Byrne 3052 (PERTH), KP875966, KP875869; Ptilotus stipitatus Benl, Australia (Western Australia), R. Davis 11184 (PERTH), KP875967,
KP875870; Ptilotus stirlingii subsp. australis R.W.Davis & R.Butcher, Australia (Western Australia), R. Davis 10956 (PERTH), KP875968, KP875871; Ptilotus
stirlingii (Lindl.) F.Muell. subsp. stirlingii, Australia (Western Australia), R. Davis 10956 (PERTH), KP875969, KP875872; Ptilotus subspinescens R.W.Davis,
Australia (Western Australia), E. Thoma & A. Joder 145 (PERTH), KP875970, KP875873; Ptilotus symonii Benl, Australia (Western Australia), K. Thiele 3722
(PERTH), KP875971, KP875874; Ptilotus trichocephalus Benl, Australia (Western Australia), R. Davis 10988 (PERTH), KP875972, KP875875; Ptilotus
uncinellus (A.R.Bean) T.Hammer, Australia (Queensland), B. Thomson s.n. (BRI AQ0830746), MK013165*, MK013144*; Ptilotus villosiflorus F.Muell.,
Australia (Western Australia), T. Hammer, S. Dillon & K. Thiele TH 24 (PERTH), MK013166*, MK013145*; Ptilotus whitei (J.M.Black) Lally, Australia (West-
ern Australia), P. Jobson 10452 (NT), KP875973, KP875876; Ptilotus wilsonii Benl, Australia (Western Australia), H. Adjuk HA 75 (PERTH), MK013167*,
MK013146*; Ptilotus yapukaratja R.W.Davis & T.Hammer, Australia (Western Australia), M. Griffiths & S. Cherriman s.n. (PERTH 08513848),
MK013168*, MK013147*; Wadithamnus artemisioides (Vierh. & O.Schwartz) T.Hammer & R.W.Davis, Yemen (Al Mahra), Kilian 6882 (B), AJ829477 &
AJ829504, AJ833649.

Appendix 2. Voucher information and GenBank accession numbers for taxa used in the CDS dataset.

Taxon names follow changes outlined in the taxonomic treatment. Taxon name, collection country (state), collector(s) and collection number (herbarium code),
and GenBank accession number. All accessions were newly sequenced for this study.

Achyranthes aspera L., Australia (Western Australia), S. Dillon & A. Markey CR 9167 (PERTH), MK410010; Aerva javanica (Burm.f.) Juss. ex Schult.,
Australia (Western Australia), T. Hammer, S. Dillon & K. Thiele TH 26 (PERTH), MK410028; Alternanthera nodiflora R.Br., Australia (Western
Australia), S. van Leeuwen & al. PBS 0410 (PERTH), MK410015; Amaranthus cuspidifolius Domin, Australia (Western Australia), B. Mathews & R. Orifici
BES BDM 029 (PERTH), MK410001; Gomphrena affinis subsp. pilbarensis Kanis ex J.Palmer, Australia (Western Australia), C. Flaherty & E. Ridley CEF
064 (PERTH), MK410012; Gomphrena cunninghamii (Moq.) Druce, Australia (Western Australia), T. Edwards 38 (PERTH), MK410014; Omegandra
kanisii G.J.Leach & C.C.Towns., Australia (Northern Territory), P. Jobson 12480 (NT), MK410034; Ouret glabrata (Hook.f.) Kuntze, China (Guizhou),
S. Tan 0472 (PE), MK410031; Paraerva microphylla (Moq.) T.Hammer, Yemen (Socotra), A. Miller 10287 (E), MK410032; Ptilotus aervoides (F.Muell.)
F.Muell., Australia (Western Australia), T. Hammer & S. Dillon TH 28 (PERTH), MK410022; Ptilotus appendiculatus Benl, Australia (Western
Australia), T. Hammer & S. Dillon TH 50 (PERTH), MK410029; Ptilotus arthrolasius F.Muell., Australia (Western Australia), S. Dillon & A. Markey CR
9154 (PERTH), MK410016; Ptilotus astrolasius F.Muell., Australia (Western Australia), T. Hammer, S. Dillon & K. Thiele TH 23 (PERTH), MK410023;
Ptilotus auriculifolius (A.Cunn. ex Moq.) F.Muell., Australia (Western Australia), A.R. Bean 24989 (PERTH), MK410002; Ptilotus axillaris (F.Muell. ex
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Appendix 3. Selected specimens examined from the major clades within the aervoids for the morphological examinations. Taxon names follow changes
outlined in taxonomic treatment.

Aerva javanica (Burm.f.) Juss. ex Schult. – AFRICA. Egypt, Aswan, Abraq area, 6 March 1986, Sheded 3254 (E: E00161900). ASIA. Iran, Kerman,
Esfandaqeh to Jiroft, 25 km W to Jiroft (Sabzvaran), 11 June 1977, Assadi & al. 1893 (E: E00161898); United Arab Emirates, Abu Dhabi, Wadi Mubarraz
SE of Al Ayn at Zoological Gardens, 19 February 1980, Edmondson 3055 (E: E00687230). AUSTRALIA. Western Australia, Pilbara, Roadside 100 m E of
Turner River, on Great Northern Highway 18 km SW of South Hedland, 18 August 2015, Hammer & al. TH26 (PERTH: PERTH 08743924). Nothosaerva
brachiata (L.) Wight –ASIA. India, Punjab, “Karnal Jungle”, 29 November 1886,Drummond 26464 (E: E00732824); Sri Lanka, North Central Province, Anu-
radhapura District, roadside 100 miles from Kandy on road to Jaffna, S of Punawa, 24 February 1973, Townsend 73/115 (E: E00732826); E of the road from
Dambulla to Anuradhapura [at] milestone 53, 8March 1973, Townsend 73/181 (E: E00732828).Omegandra kanisiiG.J.Leech & C.C.Towns. –AUSTRALIA.
Northern Territory, Batten Point, near junction of Batten Creek and McArthur River, 45 km NNE of Borroloola, 13 May 2016, Jobson & Martine 12480 (NT:
D0273611); Queensland, 2 km east of Burketown, 10 May 2003, Thompson & Newton BUR103 (BRI: AQ 769593); Frog site waterhole, N of Normanton on
Burke development road, 30 April 2004, McDonald KRM2274 (BRI: BRI-AQ766448). Ouret glabrata (Hook.f.) Kuntze – ASIA. China, Guizhou Province,
Ceheng, Zhe Lou Zhen, 7 August 2004, Wang 0333 (PE: PE00874853); Zhenfeng, Lianhuan Xiang, 5 June 2005, Tan 0472 (PE: PE01522637); Yunnan,
Mengzi, Jinpo temple, 21 November 2003, Shui & al. 40525 (PE: PE01869486). Ouret lanata (L.) Kuntze – ASIA. Sri Lanka, Anuradhapura District, Aukana,
17 February 1973, Townsend 73/65 (E: E00732833); Yemen, Socotra Wadi Deneghan, ~7 km SE of Hadiboh, 19 February 1989, Miller & al. 8246
(E: E00161942). AFRICA. South Africa, Natal [KwaZulu-Natal Prov.], Dunford Native Reserve, 5 September 1970, Strey 9917 (E: E00732832).Ouret leucura
(Moq.) Kuntze – AFRICA. Botswana, Ngamiland District, 8.5 kmW of Tsau [Tsao], 13 March 1987, Long & Rae 248 (E: E00161939); Moremi road between
south gate and main road, 24 March 1987, Long & Rae 439 (E: E00161938). Ouret sanguinolenta (L.) Kuntze – ASIA. Bhutan, Punakha District, near Wache,
Tang Chu, 20 April 1982, Grierson & Long 4536 (E: E00161940); China, Guangxi, Yangshou Park, 19 October 1988, Skyes Ch548 (E: E00271791); Taiwan,
Pingtung Hsien, Chunjih Hsiang, Tahan forest road, 4 December 1994, Hsiao & al. 1007 (E: E00025998). Paraerva microphylla (Moq.) T.Hammer – ASIA.
Yemen, Socotra, Wadi Irih draining S into Nogad plain due S of Hadiboh, 28 February 1989,Miller & al. 8524 (E: E00161904); Nogad plain, mouth of Wadi
Irih, 5 February 1990,Miller & al. 10287 (E: E00161903). Paraerva revoluta (Balf.f.) T.Hammer – ASIA. Yemen, Socotra, Mugadrihon Pass, ~5 km SSW of
Hadiboh, 21 February 1989,Miller & al. 8297 (E: E00161902);Wadi Daneghan, ~10 km SE of Hadiboh, 10 February 1990,Miller & al. 10377 (E: E00161901);
Mugadrihon Pass, 28 January 1994, Thulin & Gifri 8809 (E: E00687203). Ptilotus aervoides (F.Muell.) F.Muell. – AUSTRALIA. Western Australia, Pilbara,
Powerline track S off Rio Tinto Rail Access Road ~250mNof FortescueRiver, 19August 2015,Hammer&Dillon TH 28 (PERTH: PERTH08735123).Ptilotus
astrolasius F.Muell. – AUSTRALIA. Western Australia, Pilbara, 300 m S of intersection with the North West Coastal Highway, 26 km SW of South Hedland,
16 August 2015,Hammer & al. TH 23 (PERTH: PERTH 08735301). Ptilotus appendiculatusBenl –AUSTRALIA.Western Australia, Pilbara, on the roadside
of North West Coastal Highway, 14 km SW of Nanutarra Roadhouse, 22 August 2015, Hammer & Dillon TH 50 (PERTH: PERTH 08743940). Ptilotus
decipiens (Benth.) C.A.Gardner –AUSTRALIA.WesternAustralia, Central Ranges, camp 1 at TownsendRidges, 42 kmSE ofWarburton, 6May 2000,Edinger
1870 (PERTH: PERTH 05619289); 3 km W of Mount Webb, 17 July 2016, Trickett DD966 (PERTH: PERTH 08854165). Ptilotus divaricatus (Gaudich.)
F.Muell. – AUSTRALIA. Western Australia, Jibberding Natural Area Reserve parking bay 25 km N of Wubin, 30 August 2015, Hammer & Davis TH 71
(PERTH: PERTH 08619654). Ptilotus drummondii (Moq.) F.Muell. – AUSTRALIA. Western Australia, Chittering, 19.5 km E along Bindoon-Dewars Pool
Road from Great Northern Highway, 25 October 2015, Hammer & Davis TH 75 (PERTH: PERTH 08619476). Ptilotus erubescens Schltdl. – AUSTRALIA.
South Australia, Barossa, [4.2 km direct WNW of Williamstown], 25 October 2000, Graham & Kajar BS117-1227 (AD: AD 154486). Ptilotus exaltatus Nees
– AUSTRALIA. Western Australia, Pilbara, 54 km from Newman on road to Marble Bar, 1 May 2006, Bean 25246 (PERTH: PERTH 07484038). Ptilotus
helipteroides (F.Muell.) F.Muell. –AUSTRALIA.Western Australia, De La Poer Range Nature Reserve, Dumbung Soak, 24 April 2011, Thiele 4145 (PERTH:
PERTH 08430225). Ptilotus mollisBenl –AUSTRALIA.Western Australia, Pilbara, Ironstone hill slope 270m ESE ofMarble Bar Road, ~55 km SE of Marble
Bar and 208 km SE of Port Hedland, 29 April 2013, Coultas SC 12 (PERTH: PERTH 08568863). Ptilotus polakii subsp. juxtus Lally –AUSTRALIA. Western
Australia, Carnarvon, On track 2 km E of North West Coastal Highway and 11.4 km SSE of Minilya roadhouse, 22 August 2015, Hammer & Dillon TH 51
(PERTH: PERTH 08743762). Ptilotus polystachyus (Gaudich.) F.Muell. –AUSTRALIA.Western Australia, MidWest region, 80 kmN ofMullewa, 29 August
2015, Hammer & Davis TH 64 (PERTH: PERTH 08619611). Ptilotus rotundifolius F.Muell. – AUSTRALIA. Western Australia, Junction of Great Northern
Highway and Karijini Drive, 31 August 2005, Cassis PILB 202 (PERTH: PERTH 07273231). Ptilotus subspinescens R.W.Davis – AUSTRALIA. Western
Australia, Pilbara, 35.91 km NW Mt Turner, 38.27 km SW Mt Sheila, 62.17 km NW of Tom Price, Trudgen & Chukowry BES-PC054 (PERTH: PERTH
08377200). Ptilotus uncinellus (A.R.Bean) T.Hammer –AUSTRALIA. Queensland [precise localities withheld for conservation reasons], Collinsville, 25 June
2011, Thomson s.n. (BRI: BRI-AQ830743); Collinsville, 26 June 2011, Thomson s.n. (BRI: BRI-AQ0830746). Ptilotus villosiflorus F.Muell. – AUSTRALIA.
Western Australia, Pilbara, On a sand dune on Pretty Pool Beach near the “clothing optional” sign, 17 August 2015, T. Hammer, S. Dillon & K. Thiele TH 24
(PERTH: PERTH 08743886).

Appendix 2. Continued.

Benth.) F.Muell., Australia (Western Australia), S. Dillon & A. Markey CR 9151 (PERTH), MK410008; Ptilotus calostachyus F.Muell., Australia (Western
Australia), T. Hammer, S. Dillon & K. Thiele TH 18 (PERTH), MK410030; Ptilotus chamaecladus Diels, Australia (Western Australia), T. Hammer & S. Dil-
lon TH 53 (PERTH), MK410025; Ptilotus clementii (Farmar) Benl, Australia (Western Australia), B. Morgan Bmor 1067 (PERTH), MK409999; Ptilotus
divaricatus (Gaudich.) F.Muell., Australia (Western Australia), T. Hammer & R. Davis TH 71 (PERTH), MK410020; Ptilotus drummondii (Moq.) F.Muell.,
Australia (Western Australia), T. Hammer & R. Davis TH 75 (PERTH), MK410021; Ptilotus erubescens Schltdl., Australia (South Australia), K. Graham
BS117-1227 (AD), MK410035; Ptilotus exaltatus Nees, Australia (Western Australia), A.R. Bean 25246 (PERTH), MK410003; Ptilotus fusiformis (R.Br.)
Poir., Australia (Western Australia), S. Dillon & A. Markey CR9156 (PERTH), MK409998; Ptilotus gaudichaudii (Steud.) J.M.Black, Australia (Western
Australia), S. van Leeuwen 3866 (PERTH), MK410004; Ptilotus gomphrenoides F.Muell. ex Benth., Australia (Western Australia), K. McMaster LCH
25882 (PERTH), MK410011; Ptilotus helipteroides (F.Muell.) F.Muell., Australia (Western Australia), K. Thiele 4145 (PERTH), MK410007; Ptilotus
latifolius R.Br., Australia (Western Australia), T. Hammer & S. Dillon TH 49 (PERTH), MK410027; Ptilotus macrocephalus (R.Br.) Poir., Australia (Western
Australia), B. Morgan Bmor 1076 (PERTH), MK410037; Ptilotus mollis Benl, Australia (Western Australia), S. Coultas SC 12 (PERTH), MK410005;
Ptilotus obovatus (Gaudich.) F.Muell., Australia (Western Australia), A. Douglas & R. Graham LCH 14916 (PERTH), MK410006; Ptilotus polakii subsp.
juxtus Lally, Australia (Western Australia), T. Hammer & S. Dillon TH 51 (PERTH), MK410024; Ptilotus polystachyus (Gaudich.) F.Muell., Australia (West-
ern Australia), A.R. Bean 25397 (PERTH), MK419082; Ptilotus pyramidatus (Moq.) F.Muell., Australia (Western Australia), C. Tauss 4102 (PERTH),
MK410036; Ptilotus roei (F.Muell. ex Benth.) F.Muell., Australia (Western Australia), R. Davis, T. Hammer & B. Anderson RD 12277 (PERTH),
MK410017; Ptilotus rotundifolius (F.Muell.) F.Muell., Australia (Western Australia), G. Cassis PILB 202 (PERTH), MK410000; Ptilotus schwartzii
(F.Muell.) Tate, Australia (Western Australia), B. Vincent BV 108 (PERTH), MK410013; Ptilotus subspinescens R.W.Davis, Australia (Western
Australia), M. Trudgen & P. Chukowry BES PC 054 (PERTH), MK410009; Ptilotus trichocephalus Benl, Australia (Western Australia), R. Davis &
F. Obbens RD 12329 (PERTH), MK410018; Ptilotus uncinellus A.R.Bean, Australia (Queensland), B. Thomson s.n. (BRI: AQ0830743), MK410033;
Ptilotus villosiflorus F.Muell., Australia (Western Australia), T. Hammer, S. Dillon & K. Thiele TH 24 (PERTH), MK410026; Ptilotus wilsonii Benl,
Australia (Western Australia), H. Adjuk HA 75 (PERTH), MK410019.
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Abstract. The Australian arid zone (AAZ) has undergone aridification and the formation of vast sandy deserts 
since the mid-Miocene. Studies on AAZ organisms, particularly animals, have shown patterns of mesic ancestry, 
persistence in rocky refugia and range expansions in arid lineages. There has been limited molecular investigation 
of plants in the AAZ, particularly of taxa that arrived in Australia after the onset of aridification. Here we investigate 
populations of the widespread AAZ grass Triodia basedowii to determine whether there is evidence for a recent 
range expansion, and if so, its source and direction. We also undertake a dating analysis for the species complex to 
which T. basedowii belongs, in order to place its diversification in relation to changes in AAZ climate and landscapes. 
We analyse a genomic single nucleotide polymorphism data set from 17 populations of T. basedowii in a recently 
developed approach for detecting the signal and likely origin of a range expansion. We also use alignments from 
existing and newly sequenced plastomes from across Poaceae for analysis in BEAST to construct fossil-calibrated 
phylogenies. Across a range of sampling parameters and outgroups, we detected a consistent signal of westward 
expansion for T. basedowii, originating in central or eastern Australia. Divergence time estimation indicates that 
Triodia began to diversify in the late Miocene (crown 7.0–8.8 million years (Ma)), and the T. basedowii complex began 
to radiate during the Pleistocene (crown 1.4–2.0 Ma). This evidence for range expansion in an arid-adapted plant is 
consistent with similar patterns in AAZ animals and likely reflects a general response to the opening of new habitat 
during aridification. Radiation of the T. basedowii complex through the Pleistocene has been associated with prefer-
ences for different substrates, providing an explanation why only one lineage is widespread across sandy deserts.

Keywords: Arid zone; Australia; biogeography; chloroplast; divergence dating; genotyping-by-sequencing; Poaceae; 
range expansion; SNPs; Triodia basedowii species complex.
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Introduction
Large-scale environmental changes such as aridification 
have shaped and continue to influence the evolution and 
composition of biomes. As conditions change, organ-
isms may persist in some parts of their ranges, become 
extinct in others, and/or may migrate into newly avail-
able or previously inaccessible ecologically favourable 
regions. Understanding the drivers behind range shifts 
and biome assembly can be aided by revealing current 
patterns of genetic diversity in taxa occupying regions 
known to have been influenced by geologically recent 
large-scale environmental changes.

The Australian arid zone (AAZ) provides an excellent 
location for exploring the influence of continent-scale 
aridification on biome assembly (reviewed in Byrne et al. 
2008). Since the mid-Miocene c. 16 million years (Ma) 
ago, climate in inland Australia has shifted from predom-
inantly mesic (Martin 2006) to current arid conditions 
(e.g. average annual precipitation less than ~500 mm 
per year). Concurrently, there has been extensive land-
form change (Fujioka and Chappell 2010), leading to 
the formation of new habitats for AAZ biota. From the 
onset of the Pleistocene c. 2.6 Ma (Walker et al. 2012), 
global glacial cycles began to produce alternately warm/
wet and cool/dry conditions in Australia (Williams 1984), 
superimposed on a trend of global cooling (Zachos et al. 
2001). The onset of cooling and glacial cycles correspond 
to the earliest evidence for stony deserts in Australia c. 
2–4 Ma (Fujioka et al. 2005). Beginning roughly 0.8–1.2 
Ma, the glacial cycles increased in amplitude and de-
creased in frequency (Pisias and Moore 1981; Mudelsee 
and Stattegger 1997; Clark et  al. 1999); this climatic 
transition coincides with the earliest evidence for sandy 
dunefields in central Australia c. 1 Ma (Fujioka et  al. 
2009), which suggests heightened aridity. Some re-
gional variation is evident within this overall trend, with, 
for example, drier conditions in north-western Australia 
from as early as the mid-Miocene (Groeneveld et  al. 
2017) followed by the humid interlude c. 5.5–3.3 Ma be-
fore a return to arid conditions by 2.4 Ma (Christensen 
et al. 2017).

The assembly of the AAZ biome included both taxa 
that descended from mesic-adapted groups present 
in Australia before the onset of aridity and taxa that 
descended from more recent and likely arid-adapted 
dispersals (see Crisp and Cook 2013). Often, descendents 
of mesic groups are restricted to range systems or puta-
tive environmental/substrate refugia, e.g. geckos (Fujita 
et al. 2010; Oliver et al. 2010, 2014; Pepper et al. 2011a, 
b), pebble-mimic dragons (Shoo et al. 2008), blindsnakes 
(Marin et al. 2013), grasshoppers (Kearney and Blacket 
2008) and the conifer Callitris (Sakaguchi et al. 2013). In 

other cases, descendents of mesic groups have presum-
ably adapted to desert conditions and show evidence of 
recent range expansions in sandy deserts surrounding 
the rocky range systems (Strasburg and Kearney 2005; 
Kearney and Blacket 2008; Fujita et al. 2010; Pepper et al. 
2011b). Decendents of more recent dispersals tend to 
show a pattern of radiation into the expanding arid zone, 
with plant examples including chenopods (Shepherd 
et  al. 2004; Kadereit and Freitag 2011), Lepidium 
(Mummenhoff et al. 2004), Triodia (Toon et al. 2015) and 
probably Ptilotus (Hammer et  al. 2015). Animal exam-
ples include rodents (Rowe et al. 2008) and elapid snakes 
(Keogh et al. 1998), although those radiations occurred 
across the continent and presumably did not involve pre-
adaptation of the entire group to arid conditions.

An outstanding knowledge gap surrounds how AAZ 
plants, especially recent dispersals with arid ancestry, 
have responded to climatic and landscape changes 
since the mid-Miocene and during glacial cycles. Arid-
adapted lineages might be expected to respond favour-
ably to cool/dry periods as in, e.g., the Chilean Atacama 
desert (Ossa et  al. 2013). Evidence to date, however, 
suggests that cool/dry periods in Australia may have 
been difficult for the majority of the flora, including 
the arid-adapted lineages, as evidenced by declines in 
C4 grasses around the last glacial maximum in central 
Australia (Johnson et al. 1999; Smith 2009) and from 
dust and pollen records indicating reduced vegetation 
cover during glacial maxima (Hesse et al. 2004; Martin 
2006). Here we investigate the response of a group 
of arid-adapted hummock grasses from the AAZ, the 
Triodia basedowii species complex.

Perennial grasses in the genus Triodia are iconic 
Australian plants and dominant components of hum-
mock grasslands, which cover >18 % of the continent 
(Department of the Environment and Water Resources 
2007). These hummock grasses in general show a wide 
ecological adaptability and are distributed across some 
of the driest parts of the continent, extending into tropi-
cal savannahs in northern Australia and semi-arid tem-
perate regions in the south (Lazarides 1997). They are 
ecologically important and provide food and/or habitat 
for a variety of animals (Ealey et al. 1965; Dawson and 
Bennett 1978; Kitchener et al. 1983; Losos 1988; Morton 
and James 1988; Daly et al. 2008; Christidis et al. 2010; 
Laver et al. 2017). Triodia is a member of the subfam-
ily Chloridoideae (Peterson et  al. 2010), a group of C4 
grasses thought to have initially diversified in dry habi-
tats in Africa in the Oligocene (Bouchenak-Khelladi et al. 
2010). The closest relatives of Triodia, variably recovered 
as Aeluropus, Orinus or Cleistogenes (Peterson et  al. 
2010; Grass Phylogeny Working Group II 2012), occur in 
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dry or sandy environments from the Mediterranean to 
Japan (Clayton and Renvoize 1986; Watson and Dallwitz 
1992). Ancestors of Triodia are thought to have arrived 
in Australia c. 24–14 Ma (Toon et  al. 2015), probably 
already at least partly adapted to arid conditions.

The T.  basedowii species complex is found across 
much of the central AAZ, with the bulk of its diversity in 
the Pilbara region of north-western Australia (Anderson 
et  al. 2016). Following a recent taxonomic revision 
(Anderson et al. 2017a), the complex includes nine spe-
cies: T.  basedowii, T.  lanigera, T.  birriliburu, T.  chiches-
terensis, T. glabra, T. mallota, T. nana, T. scintillans and 
T. vanleeuwenii. Of these nine species, only T. basedowii 
is widespread across sandy habitats of the AAZ, while 
many of the others are restricted to discrete geographic 
areas and substrates. Given the high lineage richness in 
the Pilbara (Anderson et al. 2016), it might be expected 
that T.  basedowii expanded its range eastward from 
there, but this remains to be tested.

In this study, we examine evidence for range expan-
sion in T. basedowii to identify a source area using novel 
analyses of a previously published genomic single nucle-
otide polymorphisms (SNPs) data set (Anderson et  al. 
2017b). In addition, we put the diversification of the 
T. basedowii complex in a temporal context using new 
and existing chloroplast genomic sequences to relate to 
climate and landscape changes in the AAZ.

Materials and Methods
Range expansion
To evaluate range expansion in T.  basedowii, we 
used genomic SNPs obtained from a previously pub-
lished genotyping-by-sequencing data set (Anderson 
et al. 2017b). We included 36 samples of T. basedowii 
from 17 populations across its range [see Supporting 
Information—Table S1], along with three samples of 
T. birriliburu, four of T. nana and five of T. glabra to be 
used alternately as outgroups for determining ances-
tral and derived SNP states. Genomic SNP data sets were 
generated following a modification of a genotyping-by-
sequencing approach (Elshire et al. 2011), using primers 
and barcodes from J. Borevitz (Grabowski et al. 2014). 
Paired-end reads were assembled using PyRAD v. 3.0.6 
(Eaton 2014) based on optimal clustering thresholds de-
termined in Anderson et al. (2017b). The generated data 
sets consisted of target T. basedowii samples as well as 
samples from one of the outgroups, with SNPs retained 
only when they were present in at least four samples. 
SNPs were obtained from two sets of loci: ‘assembled’ 
loci that had been generated from overlapping reads 
merged by PEAR (Zhang et al. 2014) and ‘unassembled’ 
loci that had not, i.e. shorter and longer sequenced 

fragments with greater and lesser read depth, respect-
ively (see Anderson et  al. 2017b). We used custom 
Python (Python Software Foundation 2016) scripts to se-
lect a single SNP per locus either (i) randomly or (ii) with 
a bias towards biallelic SNPs with multiple copies of the 
rare allele. We used a custom R v. 3.2.5 (R Development 
Core Team 2015) script to filter the resulting data sets to 
keep only SNPs present in at least one outgroup sample 
and to format them for the range expansion analyses.

The range expansion analyses implemented here use 
a measure developed by Peter and Slatkin (2013, 2015) 
based on the difference in derived allele frequencies 
for biallelic SNPs between two populations. If a source 
population extends its range through a series of founder 
events, it is expected that populations further from the 
origin of the expansion will have experienced more gen-
etic drift, producing clines in the frequencies of neutral 
alleles (as alleles are lost with each subsequent founder 
event), and leading to populations further away from 
the origin having higher frequencies of derived alleles 
(Peter and Slatkin 2013). Peter and Slatkin (2013) ob-
served that the measure increased linearly with distance 
from the origin of an expansion, so it could be used with 
a time difference of arrival method (Gustafsson and 
Gunnarsson 2003) to detect the most likely location of 
the origin of an expansion for a set of populations. The 
approach has been used to infer origins of expansions 
in a group of tropical skinks (Potter et al. 2016) and to 
support similar inferences for monarch butterflies (Zhan 
et  al. 2014), coralsnakes (Streicher et  al. 2016), hares 
(Marques et al. 2017) and zebras (Pedersen et al. 2018). 
Dr Peter kindly provided scripts implementing these ana-
lyses, which we adjusted to fit our data and geographic 
area of interest. The scripts use the R packages ‘geo-
sphere’ v. 1.5-1 (Hijmans 2015), ‘sp’ v. 1.2-2 (Pebesma 
and Bivand 2005), ‘rworldmap’ v.  1.3-6 (South 2011), 
‘maps’ v. 3.1.0 (Becker et al. 2016) and ‘mapproj’ v. 1.2-4 
(McIlroy et al. 2015).

Subsets of the SNP data sets were run through the 
expansion scripts to assess consistency of any signal of 
expansion depending on choice of outgroup, inclusion or 
exclusion of polyploids, numbers of individuals per pop-
ulation and presence of geographic structure. Separate 
analyses were run for these variations using each of the 
three outgroup taxa. Some populations of T. basedowii 
are tetraploid and have a slightly higher individual het-
erozygosity (Anderson et al. 2017b). Given that higher 
heterozygosity in polyploids could affect a signal based 
on allele frequencies, we ran analyses including and 
excluding tetraploid populations. Population sampling 
was uneven, so we ran the scripts by either (i) randomly 
choosing a single individual per population for com-
parison or (ii) allowing the scripts to downsample larger 
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populations. The expansion scripts assume a single 
origin; in the case of multiple suspected origins, Peter 
and Slatkin (2013) recommend estimating which sam-
ples are likely to have come from each origin (e.g. using 
geographic structure) and then applying their method 
to each group of samples separately. We assessed geo-
graphic structure in T. basedowii using genomic SNPs in 
a principal components analysis (PCoA; ‘cmdscale’ func-
tion in R) based on Euclidean distances (‘dist’ function 
in R) between samples. The 8663 SNPs used in the PCoA 
were obtained using T. birriliburu as an outgroup, and 
were randomly selected from ‘assembled’ loci. Clusters 
of samples apparent in the PCoA were run separately 
in the range expansion analyses, in addition to running 
all samples together. The accuracy of origin detection 
is reduced and should be interpreted cautiously if the 
origin is near or beyond the edge of the sampled area 
(Peter and Slatkin 2013). Initial analyses sometimes 
recovered the origin at the edge of the area bounded by 
our sampling, so we broadened the geographic area for 
detecting the origin.

Diversification timing
We newly sequenced and assembled 28 Poaceae plas-
tomes and downloaded 26 more from GenBank [see 
Supporting Information—Table S2] to conduct fossil-
calibrated dating analyses across the grasses (data set 
1) and within the Chloridoideae (data set 2) using BEAST 
v. 2.4.6 (Bouckaert et al. 2014). We ran multiple analyses 
to assess the impact of calibration, model choice and 
alignment length. We evaluated results based on two 
placements of controversial early grass fossils (Prasad 
et al. 2005, 2011; see Christin et al. 2014). Clock mod-
els included the relaxed uncorrelated log-normal (UCLN; 
Drummond et al. 2006) and a random local clocks model 
(RLC; Drummond and Suchard 2010). Further details of 
the sequencing and analyses are included in Supporting 
Information.

Results
Range expansion
Across multiple analyses we recovered a consistent 
signal of westward expansion for T. basedowii (a subset 
is shown in Fig. 1; see also Supporting Information—
Table S3), regardless of outgroup choice, inclusion or 
exclusion of polyploids, or sampling of genomic SNPs. 
The origin was variously resolved in central or east-
ern Australia, sometimes outside the current known 
range of T.  basedowii. While the precise location of 
the inferred origin was not consistent, the analyses 
only recovered the origin in the eastern portion of the 
study area.

To evaluate the possibility of multiple expansion ori-
gins, we examined geographic structure within T. base-
dowii in a PCoA (Fig. 2). There was strong evidence for 
geographic clustering, with three clearly distinct groups 
of samples: a ‘western’ group focused near the Pilbara, 
an ‘eastern’ group in central Australia and an ‘interme-
diate’ group distributed between these two. Running 
the range expansion analyses on the groups separately 
did not recover significant (P < 0.01) signals of expan-
sion compared to isolation by distance [see Supporting 
Information—Table S3], with a single exception for the 
eastern group. In almost all analyses, significant sig-
nals of expansion were only detected for all samples 
combined.

Diversification timing
Phylogenetic relationships within Poaceae were recov-
ered [see Supporting Information—Figs S1–S4] con-
sistent with current understanding of grass evolution 
(Grass Phylogeny Working Group II 2012; Soreng et al. 
2015) and node ages for most major splits (Table 1; 
see Supporting Information—Fig. S5) were compa-
rable to estimates from recent studies (Prasad et  al. 
2011; Christin et al. 2014; Burke et al. 2016). Estimated 
node ages within Chloridoideae (Table 2; Fig. 3) indicate 
that Triodia began to diversify in the late Miocene (7.9 
Ma; 7.0–8.8 Ma 95 % highest posterior density interval 
[HPD]), and that the T. basedowii complex began to radi-
ate in the Pleistocene (2.3 Ma; 1.9–2.7 Ma 95 % HPD). 
Alternative placement of the controversial fossils had 
minimal impact [see Supporting Information—Table 
S6] on the crown age of the complex (1.7 Ma; 1.4–2.0 
Ma 95 % HPD), and still indicated a Pleistocene radiation.

Discussion
Expansion of T. basedowii across the sandy 
dunefields
Our results indicate that T. basedowii has undergone a 
recent east-to-west range expansion, with the origin 
most likely in central or eastern Australia. This finding 
augments an increasing number of studies indicating 
recent range expansions in AAZ lineages (e.g. Kearney 
and Blacket 2008; Fujita et al. 2010; Pepper et al. 2011b). 
While arid conditions in Australia have a history dating 
back to the Miocene, the more recent heightened aridity 
and formation of sandy dunefields c. 1 Ma (Fujioka 
et  al. 2009) are likely to have created a widespread 
and relatively open niche onto which AAZ organisms 
with adaptations for sandy environments could ex-
pand. Geographic structuring in the T. basedowii com-
plex (see Anderson et al. 2016) is strongly associated 
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with substrate differences, and species now associated 
with rockier areas tend to grow poorly when cultivated 
in sand (e.g. T.  vanleeuwenii; P.  F. Grierson, University 
of Western Australia, unpubl. res.). Substrate has been 
implicated as a factor limiting the distributions of other 
AAZ organisms, principally as rocky refugial areas separ-
ated by inhospitable sandy habitat (e.g. Shoo et al. 2008; 
Oliver et al. 2014). We hypothesize that much of the AAZ 
flora with similar widespread distributions across sandy 
regions will show evidence of recent range expansion, 
and that elements of the AAZ flora with sand affinities 
will have lower lineage richness than their sister groups 
in rocky areas, given the relatively young age of the 
sandy deserts. Both these hypotheses require further 
investigation.

While the pairwise signal for expansion between pop-
ulations varied across sampling schemes, the consist-
ency of an east-to-west signal suggests that the Pilbara, 
at the western end of the range of the species, was not a 
source area for T. basedowii prior to its expansion across 
sandy dunefields. Previous work on the T.  basedowii 
complex (Anderson et al. 2016) found no evidence for 
a refugium in central Australia, but was unable to look 
at diversity within T.  basedowii populations. Based on 
the findings of the present study, we suggest that the 
Central Ranges or some other region of central Australia 
may have maintained populations of T. basedowii during 
the formation of the sandy dunefields and/or through 
Pleistocene glacial cycles. Our findings of a popula-
tion expansion from eastern or central Australia also 

Figure 1. Some of the results of range expansion analyses for Triodia basedowii using different genomic SNP subsets. Ancestral states of SNPs 
were determined using T. birriliburu (A, B), T. nana (C) or T. glabra (D) as outgroups. Loci sets were assembled (A, C), unassembled (D) or a com-
bination of the two (B). SNPs were chosen randomly (A, D) or with a bias towards SNPs with multiple copies of the rare allele (B, C). Population 
sampling was one per population (A), one per population excluding tetraploids (D), all samples (C) and all samples excluding tetraploids (B). 
Panels show heat maps and probable locations of the origin of range expansion (purple ‘X’). Populations are indicated with circles, where 
darker shades show higher heterozygosity.
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imply that Pilbara populations of T.  basedowii, which 
are restricted to the sandy Fortescue River valley, are 
relatively recent incursions. These recent incursions may 
explain examples of hybridization with Pilbara species. 
One example of possible introgression involves T. lanig-
era, which based on genomic SNP data (Anderson et al. 
2017b) is part of a different clade and closely related to 
T. chichesterensis, but which has an internal transcribed 
spacer (ITS) sequence highly similar to that of T. base-
dowii (Anderson et al. 2016). This pattern of ITS introgres-
sion in the absence of genomic mixing has previously 
been observed in a mixed population of T. lanigera and 

T. chichesterensis, the individuals of which shared ITS 
copies but were well differentiated across thousands of 
genomic SNPs (Anderson et al. 2017b).

The demographic history of T. basedowii is likely more 
complex than the single point source of expansion as-
sumed by the model of Peter and Slatkin (2013), as some 
populations may have diverged prior to acting as sources 
for others. Across most sampling schemes, however, we 
failed to detect significant signals of expansion from in-
dividual geographic groups. The geographic structure in 
T. basedowii suggests a level of differentiation, perhaps 
due to periods of minimal genetic exchange following 

Figure 2. Principal components analysis (PCoA) of genomic SNPs from individual plants of Triodia basedowii. Population localities are shown 
on the map with symbols reflecting their grouping in the PCoA.
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an initial expansion (possibly during glacial maxima) 
or through ongoing isolation by distance. Recently, a 
simulation study (He et al. 2017) has challenged the re-
liability of the analyses we used for detecting an origin 
when the underlying heterogeneity of the environment 
through time is not taken into account. This is a par-
ticular challenge for researchers working in the AAZ, as 
our knowledge of the extent of suitable habitat for AAZ 
species since the mid-Miocene is poor (e.g. the extent of 
sandy dunefields through the Pleistocene). In the case of 
Triodia, with its varied substrate preferences across spe-
cies, it is an additional challenge to predict large-scale 
suitability when species turnover can be at a fine scale 
in the landscape. Our sampling of T. basedowii (36 sam-
ples across 17 locations) is low compared to many popu-
lation genetics studies, but similar sampling has been 
used with this approach (e.g. Potter et al. 2016; Streicher 
et  al. 2016), and limitations in statistical power from 
lower sampling of individuals are partly offset by the 
large number of markers in comparisons (~2000–7000; 
see Supporting Information—Table S3; e.g. Willing 
et al. 2012). The variability in the location of the origin 
in our analyses suggests limitations of the method and/
or the completeness of our genomic SNP sampling, as 

genotyping-by-sequencing data sets are characterized 
by high levels of missing data. While these challenges 
raise uncertainty as to the precise location of an origin, 
the finding of a consistent large-scale pattern of west-
ward expansion remains robust.

Diversification timing in the T. basedowii complex
Our dating analyses provide a new estimate for the timing 
of diversification in Triodia and the T. basedowii complex. 
We estimate that ancestors of Triodia diverged from 
their Asian relatives ~20 Ma, subsequently migrated to 
Australia and had begun to diversify by the late Miocene 
c. 8 Ma. Extant diversity in the T. basedowii complex arose 
from a crown radiation that began about 1.9–2.7 Ma in 
the Pleistocene and continued through glacial cycles and 
the climatic transition c. 1 Ma that led to the formation 
of sandy dunefields. This finding contrasts with patterns 
seen in some AAZ lineages that have a mesic ancestry, 
where species divergences often date to the Miocene, 
and Pleistocene glacial cycles appear to have affected 
phylogeographic structure rather than speciation (Byrne 
et al. 2008; e.g. Pepper et al. 2011b; Marin et al. 2013). 
A recent study by Toon et al. (2015) had limited sampling 
of the T. basedowii complex and indicated a somewhat 

Table 2. Node ages (Ma) from analyses of data set 2. Node ages from Toon et al. (2015) are shown for comparison. HPD is the highest posterior 
density interval, RLC is a random local clocks model and UCLN is an uncorrelated log-normal clock model.

Node Stem Triodia Crown Triodia Crown T. basedowii 
complex

Analysis Age 95 % HPD Age 95 % HPD Age 95 % HPD

RLC 20.2 18.4–22.2 7.89 6.98–8.82 2.29 1.91–2.70

UCLN 18.1 15.9–20.5 5.62 4.86–6.39 1.58 1.29–1.87

matK only 19.8 11.9–28.0 10.4 5.50–17.2 3.8 1.29–7.36

Toon et al. (2015) 20.9 17.9–23.5 14.7 11.4–18.3 4.58 2.60–6.86

Table 1. Node ages (Ma) from analysis of data set 1 compared to previous molecular dating of the grasses. Node ages from Prasad et al. 
(2011) are with placement of the phytoliths at stem Oryzeae (their H1), while those from Christin et al. (2014) are based on their BEAST 
analysis of chloroplast data from across angiosperms, which included the placement of the phytoliths at stem Oryzeae. HPD is the highest 
posterior density interval.

Study Current study Prasad et al. (2011) Christin et al. (2014) Burke et al. (2016)

Node Age 95 % HPD Age 95 % HPD Age 95 % HPD Age 95 % HPD

Crown Poaceae 123 119–125 121 95.9–149 88.5 80.9–97.8 106 99.5–110

Crown BOP + PACMAD 82.4 78.5–86.5 81.6 69.6–93.8 74.5 70.3–80 85.7 75.7–97.6

Crown Oryzoideae 65.6 65–66.6 67.1 56.9–77 68 67–70.8 72.9 66–87.9

Crown Bambusoideae 50 40.9–59 47.4 36.5–59.7 34.2 19.8–56.2 41.5 2.9–63.8

Crown Pooideae 60.1 55.1–65.2 57.8 48.2–67.6 59.9 51.4–68.5 62.9 50.1–75.7

Crown Chloridoideae 41.7 38.1–45.7 33.6 24.5–42.5 41.2 33.2–49 37.3 22.6–52.7
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older crown radiation in the Pliocene (see Table 2). 
Discrepancies between our dates and those of Toon et al. 
(2015) may be the result of data set size (chloroplast vs. 
ITS + matK) and/or sampling effects. Sparser sampling (as 
in our data set) may produce node density effects (see 
Heath et al. 2008; S. Y. Ho, University of Sydney, Australia, 
pers. comm.), but undersampling of a specific clade is not 
expected to affect the age of the subtending node (see 
Linder et al. 2005). In addition, the lack of other mem-
bers of Triodia (such as a potentially faster evolving nor-
thern group) in our data set might have biased the age 
of the crown to be younger (see Beaulieu et al. 2015). 
Regardless, using either their or our date at least rules out 
rapid radiation of the complex since the earliest evidence 
of sandy dunefields c. 1 Ma (Fujioka et al. 2009).

Synthesis: historical biogeography of the 
T. basedowii complex
Since the ancestors of Triodia arrived in Australia, prob-
ably around the mid-Miocene and in the south-west 
of the continent, major clades have diverged as the 

genus spread northwards (Toon et al. 2015). The clade 
to which the T.  basedowii complex belongs diverged 
prior to the bulk of diversification in Triodia and cur-
rently occupies areas in central Australia, between and 
overlapping the distributions of (older) southern and 
(more recently diverged) northern clades. The two clos-
est relatives of the T. basedowii complex (T. plurinervata 
and T.  concinna) are currently distributed on the west 
coast and in the central interior of Western Australia 
(Anderson et  al. 2017a), suggesting that ancestors of 
the T. basedowii complex likely occurred in central and 
western Western Australia.

While phylogenetic relationships in the complex re-
main partly unresolved, analyses of genomic data 
(Anderson et al. 2017b) indicate two main groups in the 
complex (Fig. 4): a western group (T. mallota, T. glabra, 
T. lanigera and T. chichesterensis) and an eastern group 
(T.  basedowii, T.  birriliburu, T.  vanleeuwenii, T.  scintil-
lans and T. nana). Some of these relationships are sup-
ported by the chloroplast data presented in this study, 
although T. vanleeuwenii samples have been found with 

Figure 3. Chronogram from the BEAST analysis of data set 2, comprising chloroplast alignments with a focus on Chloridoideae and Triodia, 
with two outgroup samples from Danthonioideae. The secondary calibration from the analysis of data set 1 is indicated by the ‘S’ in a black 
triangle. Node bars for selected nodes of interest are 95 % highest posterior density intervals. Node support values are posterior probabilities 
and are shown for values <1.00. The Triodia basedowii complex is shaded at the top right.
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both of the two main chloroplast haplotypes, possibly 
due to chloroplast capture or incomplete lineage sorting 
(Anderson et al. 2016). We speculate that early diver-
gences in the complex included a split between predom-
inantly western and eastern lineages.

Substrate and potentially ecological differentiation 
have probably influenced divergences in the complex 
(Anderson et  al. 2016). Western lineages may have 
diversified along the west coast of the continent and 
into the northern Pilbara (see Fig. 4), regions that cur-
rently have different substrates (sandy coastal plains vs. 
gravelly plains). Current habitat preferences of allopatric 
T. glabra (sandy) compared to T. chichesterensis (gravelly) 
suggest ecological differentiation may have developed 
over time in isolation, while the contrasting sympatric 
pattern of T.  lanigera and T. chichesterensis (less pro-
nounced substrate preferences) might be explained 
by divergence in isolation. Eastern lineages, too, show 
strong substrate preference differences, with three 
species that are largely restricted to rocky substrates 
(T. vanleeuwenii, T. scintillans and T. nana) and two that 
are found on sandy substrates (T. basedowii and T. birrili-
buru). The extent of sandy habitats prior to the forma-
tion of the dunefields c. 1 Ma is currently unknown, and 
it is possible that the ancestors of the sand specialists 
had available habitat in central Australia. We speculate 
that the eastern lineage split into a sandy lineage and 
a rocky lineage, the latter occupying rocky habitats and 
entering the south-east Pilbara.

The timing of the restriction of T. basedowii to cen-
tral or eastern Australia is unclear, though climatic 
changes around the formation of the sandy dunefields 
c. 1 Ma could be reasonably implicated. Whether the 
split of T. basedowii from its sister T. birriliburu was 
coincident with that isolation or occurred after a later 
expansion from the east is also not clear. The west-
ward expansion of T.  basedowii across new sandy 
habitat may reflect an initial colonization of the 
dunefields followed by persistence through glacial 
cycles, or possibly a series of range expansions, with 
regional genetic differentiation from range restric-
tions or isolation by distance.

Despite the lack of precision around the timing 
of evolutionary events in the T. basedowii complex, 
distribution patterns illustrate that lineages have 
responded variably to the effects of aridity and asso-
ciated landscape changes. Even among these close 
relatives, some are restricted to narrow ranges asso-
ciated with specific rocky substrates, while others 
have adapted to expand onto newer sandy dunefield 
habitats, ultimately occupying vast areas of inland 
Australia. Future discoveries around the extent and 
types of habitats and substrates available to plants 
in the AAZ, and the amount of vegetation cover, from 
the onset of aridity in the mid-Miocene through Plio-
Pleistocene climate changes will improve our under-
standing of adaptation, colonization and evolution 
within the AAZ.

Figure 4. Current distributions of taxa in the Triodia basedowii complex, with phylogenetic relationships superimposed. Two putative refugia, 
the Pilbara and the Central Ranges, are labelled and denoted with dotted lines. Taxa are denoted by letters, where G: T. glabra, M: T. mallota, 
L: T. lanigera, C: T. chichesterensis, V: T. vanleeuwenii, S: T. scintillans, Bi: T. birriliburu, N: T. nana and Ba: T. basedowii.
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