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Abstract

Common rust of maize (CR), caused by Puccinia sorghi Schwein., is found in

all maize growing regions across the globe. In recent years, an increase in the

incidence and severity of CR has been observed in Australia. The challenges

posed by a diverse population of P. sorghi to maize breeding programs and the

strategies required to deploy durable resistance were explored.Preliminary stud-

ies of diversity were conducted by phenotyping the five most diverse isolates

against maize lines carrying no resistance genes and one to four resistance

genes. The results showed that further genotyping studies were required. Short

reads of 17 CR isolates were collected from an array of agroecological regions

in Eastern Australia, and these were mapped back against the hybrid assem-

bly of Isolate 1. A hybrid assembly between short (Illumina paired-end) and long

(PacBio) reads was conducted in MaSuRCA of the first isolate collected. A draft

genome of 145,963,792 bp was obtained after QUAST analysis,with a total length

of 145,815,044 bp (when removing base pairs below ≥1,000). The prediction

from the BRAKER pipeline identified 20,438 gene models. All 17 isolates se-

quenced represented unique genotypes, and no clones were detected. The 17

isolates grouped into three clusters. The diversity observed within the population

of P. sorghi in Australia suggests that monogenic resistance might not be durable.

Keywords: fungal pathogen diversity, genome assembly, hybrid assembly, long

reads, Pucciniales, rust, short reads, Zea mays

Puccinia sorghi Schwein., the causal agent of maize common rust (CR), belongs to
the Pucciniales. Most species within this large group of biotrophic fungi have evolved
to have narrow host ranges. To survive and reproduce, rust fungi must infect living plant
tissues and colonize plant cells via the production of haustoria. To adapt to the constraints
imposed by a biotrophic lifestyle, rusts possess a genome with great plasticity (Aime
et al. 2017). A key contributor to genetic diversity of rust fungi is their complex life
cycle, which may comprise up to five different spore stages: urediniospores, teliospores,

Copyright © 2023 The Author(s). This is an open access article distributed under the CC BY-NC-ND 4.0 International license.

610 | PhytoFrontiersTM apsjournals.apsnet.org/journal/phytofr

https://doi.org/10.1094/PHYTOFR-12-22-0151-R
https://orcid.org/0000-0001-5331-9179
https://orcid.org/0000-0003-0430-4856
mailto:Aurelie.Quade@usq.edu.au
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://apsjournals.apsnet.org/journal/phytofr


basidiospores, spermacia, and aeciospores (Bettgenhaeuser et al.
2014). Basidiospores and aeciospores are produced through
meiosis; more specifically, though, aeciospores are dikaryotic
and the product of plasmogamy. The recombination of alleles
in the pathogen population is achieved at the aecial stage on the
alternate host Oxalis spp. for heteroecious rust species such as P.
sorghi. Exception aside, clonally produced urediniospores, at the
uredinial stage, cause economic losses of agricultural crops and
are the focus of this study.

The success of rust fungi as pathogens comes from their high
rate of sporulation, which maintains genome plasticity, and the
rapid spread of new virulence over long distances (Roelfs and
Bushnell 1985). A study of the wheat stem rust pathogen Puccinia
graminis f. sp. tritici estimated that at an infection rate of 50
pustules per wheat tiller in the field, approximately 1012 spores
per hectare per day were produced (Rowell and Roelfs 1971).
Potentially, one in every 100,000 to 10 million cells/spores will
carry mutations beneficial to the pathogen, as determined in other
pathosystems involving fungi (Stam and McDonald 2018). On
any given day, at similar infection levels, every infected hectare
may contain about 225,000 spores carrying mutations beneficial
to the pathogen. However, rust species genomic diversity is more
likely to result in mutations occurring in every 100,000 spores,
resulting in approximately 107 spores per hectare per day with
beneficial mutations (Stam and McDonald 2018).

The virulence of rust pathogens has been studied by pheno-
typing the responses of host plants, carrying known resistance
genes, when challenged with specific rust isolates. This infor-
mation has guided resistance breeding programs by allowing for
selection of effective resistance genes (Park 2015). In the maize-
CR pathosystem, changes in virulence have led to known resis-
tance genes being overcome in the United States (Groth et al.
1992), South America (Darino et al. 2016), South Africa (Fato
2000), and Australia (Quade et al. 2021). Preemptive breeding
studies have contributed to the identification of future virulence
and/or future virulence combinations based on the data provided
by existing virulence profiles. However, without such data, these
studies are limited to examining virulence already present in the
pathogen population. The potential for pathogens to develop new
virulence is often linked to the extent of their genetic diversity.
Studies of rust species have determined that intricate genetic fea-
tures are involved to ensure successful infection and access to
host plant resources (Barsoum et al. 2019). The genomes of rust
fungi sequenced to date range from 90 Mbp to 1 Gbp in size,
and over 50% of their large genome is repetitive in nature, as rust
urediniospores carry two nuclei (Miller et al. 2018; Tobias et al.
2020). Rust genomes contain a large number of transposable ele-
ments (TEs); for example, 33% of the genome of P. sorghi consists
of TEs (Rochi et al. 2018). Although the role of TEs in creating
new virulence specificities in P. sorghi is not well understood, the
ability to shift sections of DNA certainly plays a role in the emer-
gence of new pathotypes (Rochi et al. 2018). The relationship
between pathogenicity and specific TEs has been documented in
other fungal plant pathogens, such as Botrytis cinerea (Porquier
et al. 2021).

The high number of repetitive regions in rust genomes presents
difficulties in de novo assemblies using short-read sequencing
only, as errors such as high fragmentation, misassembly, and
merging of two distinct haplotype sequences are likely to occur.
Rochi et al. (2018) generated an ab initio draft genome sequence
for P. sorghi, which was followed by a short-read comparative
genome analysis to improve the predictive secretomes based on
three wheat rust pathogens and the maize boil smut pathogen Usti-
lago maydis. The limitations of short-read based assemblies can
be mitigated through long-read sequencing, which significantly

improves the assembly of repeat-rich genomes. However, single-
molecule real-time long-read sequencing possesses a higher error
rate compared with short-read sequencing. Potential errors in the
genome structure created with the long reads can be corrected us-
ing high-quality short reads, improving the quality of the genome
assembly (De Maio et al. 2019). The cost of long-read sequencing
remains high; therefore, a limited number of isolates can be pro-
cessed, whereas short-read sequencing allows for the sequencing
of a relatively large number of samples. A comprehensive genome
assembly with long reads, with errors corrected with short reads
to obtain a hybrid assembly of P. sorghi, has not been conducted.
The genome of P. sorghi available on NCBI uses short reads only
and is highly fragmented (Rochi et al. 2018).

In recent years, Australia has experienced an increase in the
incidence and severity of CR. This is due to a lack of resistance in
Australian commercial maize hybrids (Quade et al. 2021) and fa-
vorable environmental conditions. The aim of this research was to
gain an understanding of the evolutionary potential for P. sorghi
populations in Australia. It was hypothesized that (i) phenotyping
of the most varied isolates in terms of hosts and agroecological
region of collection was a suitable preliminary study to confirm or
refute virulence diversity, (ii) genotyping a randomly selected set
of isolates would reveal the presence of population subdivision
based on agroecological region of collection, and (iii) the re-
search would produce an improved hybrid genome assembly for
P. sorghi. Specifically, we explored the challenges a diverse pop-
ulation of P. sorghi would pose to maize breeding programs and
the strategies that would be required to deploy durable resistance.

MATERIALS AND METHODS

Phenotyping of a diverse set of isolates on a maize differential
set

The focus of this experiment was to determine the overall ef-
fect of each isolate over time on a set of maize lines carrying a
range of resistance genes. The maize lines in the differential set
included genotypes carrying no known resistance gene and up to
four different resistance genes. Isolates causing infection levels
between 0 and 30% were considered to possess no to low viru-
lence, between 30 and 60% moderate virulence, and greater than
60% high virulence.

Virulence patterns were assessed by inoculating 3-week-old
seedlings carrying known resistance genes with the following
five isolates. The five most diverse isolates, single pustule Iso-
lates 1, 9, 24, 31, and 73, were arbitrarily selected from a collec-
tion of 89 isolates based on their diversity in terms of geographic
origin (Victoria versus Queensland), year of collection (2018 ver-
sus 2019), and host (either maize or sweet corn) (Table 1). The
single pustule increase, maize growth, and inoculation were con-
ducted as described in Quade et al. (2021). The maize lines tested
either carried a single resistance gene, Rp1_B, Rp1_C, Rp1_E,
Rp1_F, Rp1_G, Rp1_I, Rp1_J, Rp1_K, Rp1_L, Rp1_M, Rp3_D,
Rp4_A, Rp5, Rp7, Rp8_A, Rp8_B, or Rpp9 (conferring resistance
to P. polysora Underw.), or multiple Rp genes, RpFJ (Rp1_F
and Rp1_J), Rp5D (Rp5 and Rp1_D), RpDGJ (Rp1_D, Rp1_G,
and Rp1_J), and Rp5GCJ (Rp5, Rp1_G, Rp1_C, and Rp1_J), all
against unknown backgrounds. Three sweet corn lines were also
used and carried no resistance genes, Rp1_D or RpGJF (Rp1_G,
Rp1_J, and Rp1_F) (Table 2). Infection scores were recorded
every 48 h from 6 days post inoculation (DPI) until 16 DPI.

The assessment of the resistance of the Rp lines was conducted
in a split-plot design, blocked by isolates and maize lines as the
plot. When experimental constraints prevented replication, the
whole experiment was replicated two or three times over time.
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The number of replications was determined based on the degrees
of freedom (df) at the residual level, where 15 df and over were
considered satisfactory.

The data were treated as continuous, and disease severity scores
were recorded as the percentage of diseased area in the range of
0, 1, 5, and 10%, followed by 10% increments to 100%. NA was
given to a completely dead leaf or a missing plant.

Quantitative data were analyzed using ASreml v.4 in RStudio
v.1.2.5033 by fitting a linear mixed model (Butler et al. 2018;
RStudio 2018). Continuous data received a logic transformation
(Welham et al. 2004), and data reported in this paper were back-
transformed. Differences in predicted values were reported to be
significant when a P value less than 0.05 was recorded, after
which post hoc analysis using Tukey’s test was applied. The plot
of the residuals and the test for normal distribution of the residuals
were satisfactory in all the analyses of all experiments.

Fungal samples, DNA extraction, and sequencing

From a collection of 89 P. sorghi samples collected between
2018 and 2020 from naturally occurring populations (Quade et al.
2021), Isolate 1 was selected for PacBio sequencing, as it was
the first isolate collected (in 2018), and it was hypothesized that
changes within the pathogen population between 2018 and 2019
and location would be recorded. DNA was extracted from 75 mg
of ungerminated urediniospores using a modified CTAB proce-
dure (Schwessinger et al. 2018). The method described by Vaser
et al. (2017) was used to remove impurities and low-molecular-
weight DNA. A 20 K library was prepared and sequenced on
PacBio RSII platform, using one single-molecule real-time cell
at Novogen (HK).

The first isolate collected, Isolate 1, and 16 other isolates were
sequenced using the Illumina Novaseq (S4) PE150 platform to
represent a wide range of hosts and locations (Table 1). All iso-

lates were established from samples collected in 2018, with the
exception of Isolate 73, which originated from a sample collected
in 2019. Isolates 43_1 and 43_2 were established from the same
leaf sample from maize in Queensland but from different pustules
(Table 1). Prior to Illumina short-read sequencing, all 17 samples
were purified by increasing urediniospores from a single pustule.
DNA from 0.10 mg of urediniospores was extracted following a

TABLE 2

Maize differential set entry name and corresponding resistance Puccinia
(Rp) genes

Maize line entry Resistance gene

E8a NA
E9a Rp1_D
E10a Rp1_G, Rp1_J, Rp1_F
E11 Rp1_B
E12 Rp1_C
E13 Rp1_E
E14 Rp1_F
E15 Rp1_G
E16 Rp1_I
E17 Rp1_J
E18 Rp1_K
E19 Rp1_L
E20 Rp1_M
E21 Rp3_D
E22 Rp4_A
E23 Rp5
E24 Rp7
E25 Rp8_A
E26 Rp8_B
E27 Rpp9
E28 Rp1_F, Rp1_J
E29 Rp5, Rp1_D
E30 Rp1_D, Rp1_G, Rp1_J
E31 Rp5, Rp1_C, Rp1_G, Rp1_J
a Resistance genes carried in sweet corn; all other genes carried in maize.

TABLE 1

Details of Puccinia sorghi isolates used in the experiment

Isolatea
Collection

date Region Stateb
Agroecological region

climate Latitude Longitude BBCHc Hostd
Rust score

(infection type)e

1f* 15/02/2018 Darling Downs QLD Subhumid, subtropical
slopes and plains

−27.509568 151.389859 18 Maize NA

9* 1/03/2018 East Gippsland VIC Wet temperate coast −37.722071 148.414755 83 Sweet corn 9
12 1/03/2018 East Gippsland VIC Wet temperate coast −37.722071 148.414755 79 Sweet corn 5
13 1/03/2018 East Gippsland VIC Wet temperate coast −37.722071 148.414755 80 Sweet corn 4
15 1/03/2018 East Gippsland VIC Wet temperate coast −37.722071 148.414755 79 Sweet corn 9
24* 27/03/2018 Southern Downs QLD Wet subtropical coast −28.046435 151.962135 73 Maize 7
27 27/03/2018 Southern Downs QLD Wet subtropical coast −28.046435 151.962135 73 Maize 7
31* 28/03/2018 Lockyer Valley QLD Wet tropical coast and

tableland
−27.431075 152.584398 79 Sweet corn 2

39 27/03/2018 Darling Downs QLD Subhumid, subtropical
slopes and plains

−27.641913 151.869093 83 Maize 2

43_1 29/03/2018 Darling Downs QLD Subhumid, subtropical
slopes and plains

−27.751234 151.447163 79 Maize 3

43_2 29/03/2018 Darling Downs QLD Subhumid, subtropical
slopes and plains

−27.751234 151.447163 79 Maize 3

51 30/04/2018 East Gippsland VIC Wet temperate coast −37.724023 148.433945 83 Unknown 7
55 6/05/2018 North Burnett QLD Wet subtropical coast −24.792465 151.123412 87 Maize 4
56 25/05/2018 South East QLD QLD Wet subtropical coast −27.375303 152.443875 87 Maize 7
57 22/05/2018 South East QLD QLD Wet subtropical coast −27.419467 152.470468 87 Maize 7
58 22/05/2018 South East QLD Wet subtropical coast −27.419467 152.470468 87 Maize 5
73* 9/05/2019 East Gippsland VIC Wet temperate coast −37.722071 148.414755 89 Maize 3

a 43_1 and 43_2 were retrieved from the same leaf sample, but from different pustules.
b QLD: Queensland, VIC: Victoria.
c BBCH: Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie (codifies key phenological developmental stages of agricultural plants).
d Maize is classified as an agricultural crop, whereas sweet corn is classified as a horticultural crop.
e Disease scores taken in the field ranged from 1 to 9, where 1 was no disease and 9 was dead.
f * and bold indicate phenotyped isolates.
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CTAB extraction method as described by Bailey et al. (2013). All
DNA samples were concentrated and purified. DNA concentra-
tion was quantified using Qubit 3 Fluorometer (Thermo Fisher
Scientific) and a NanoDrop ND-1000 (Thermo Fisher Scientific).
Genomic DNA was sent to Novogen for library preparation and
Illumina sequencing at 8 Gb of raw data per sample.

Short read preparation and assembly

The raw Illumina paired-end reads were uploaded to the pub-
licly available Galaxy Platform (Afgan et al. 2018). The quality of
the raw reads was checked using FastQC v.0.72 (Andrews 2010)
and trimmed in Trimmomatic v.0.36.6 (Bolger et al. 2014) with
parameters for paired-end reads, using a sliding window of 4 bp
and average quality of 30.

Long-read DNA sequencing and de novo assembly

A hybrid genome of Isolate 1 was assembled de novo using two
pipelines, MaSuRCA v.4.0.3 (Zimin et al. 2013) and Flye v.2.9
(Kolmogorov et al. 2019). The raw reads of PacBio and Illumina
were assembled in MaSuRCA v. 4.0.3 with two rounds of pol-
ishing with POLCA (POLishing by Calling Alternatives). The
preassembly polishing for Flye was conducted using FMLRC
v.2 (Wang et al. 2018), followed by Flye assembly with de-
fault parameters in Galaxy v.2.8.3 (Lin et al. 2016). SAM files
were created with BWA-mem v.0.7.17.2 and post-assembly pol-
ishing using RACON Galaxy v.1.4.20 (Vaser et al. 2017), with
default parameters. Genome completeness was assessed by iden-
tifying Benchmarking Universal Single-Copy Orthologs (BUS-
COs) based on the Basidiomycota_odb9-29222 database using
BUSCO v.3 (Seppey et al. 2019).

Annotation of hybrid assembly

For the hybrid assembly of Isolate 1, all steps leading to anno-
tation were performed de novo in GenSAS (Humann et al. 2019).
Families of TEs were identified using RepeatModeler v.1.0.11
(Smit and Hubley 2008). Regions of all assembled contigs pos-
sessing similarities between sequences were identified in BLAST
(NCBI Resource Coordinators 2016). Sequences from rRNA and
tRNA were identified using RNAmmer v.1.2 (Lagesen et al. 2007)
and tRNAScan v.2.0 (Chan and Lowe 2019). Eukaryotic genes
were predicted in GeneMarkES v.4.33 (max contig = 5,000,000
bp, min contig = 5,000 bp, and max gap = 5,000 bp) (Borodovsky
and Lomsadze 2011), and a consensus of gene structures was ob-
tained based on ab initio gene prediction and protein from Gen-
eMarkES and BLAST.

Orthology to the Basidiomycota_odb9-29222 database was
measured with BUSCO v.3 for completeness and assessment of
the gene set. Protein-coding genes found with GeneMarkES were
aligned with DIAMOND v.0.9.22 (Buchfink et al. 2015) against
the NCBI refseq fungi (Protein) (O’Leary et al. 2016). Another
pipeline was followed for gene prediction: BRAKER v2.1.6 (Hoff
et al. 2019) using ProtHint and GeneMark-EP (Brůna et al. 2020)
with an in-house modified OrthoDB fungal protein database
(Kriventseva et al. 2018), followed by fungal training with AU-
GUSTUS (Stanke and Morgenstern 2005). Lastly, a gene pre-
diction with contig evidence files from P. striiformis, BioSample
SAMN00025370 (Cantu et al. 2011) was performed in GenSAS.

Variant calling and analysis of genetic distance

Adapter- and quality-filtered Illumina paired-end reads of the
17 sequenced isolates were independently mapped to the hy-

brid assembly of Isolate 1 using BWA-mem v.0.7.17.2. After
coordinate-based sorting, duplicates were removed in sortSAM-
tools view v.2.0.3 galaxy (Li and Durbin 2009). Alignments
from all isolates were merged, and variant calling was conducted
in FreeBayes parallel v.1.3.5 (Garrison and Marth 2012; Tange
2011) using default settings (–min-mapping-quality 30 –min-
base-quality 20 –pvar 0.0001). The VCF file was filtered using
VCFfilter v.1.0.0 (Garrison 2015) using parameters DP > 10 and
QUAL > 20. The identified single-nucleotide polymorphisms
were further filtered in TASSEL v.5.2.75 (Bradbury et al. 2007)
for a minimum allele frequency of 5% and no missing data in or-
der to maintain informative loci. This resulted in the identification
of 928,211 single-nucleotide polymorphisms for the 17 isolates.
Due to the small number of isolates (n = 17), many routine popu-
lation analyses of genetic diversity and population differentiation
could not be carried out; however, the genetic distance among
isolates and population structuring were investigated as follows.
Nei’s genetic distance was used to calculate pairwise compar-
isons of the genetic distance between isolates to obtain a distance
matrix. The matrix was then used via the UPGMA method with
1,000 bootstrap replicates using the aboot function of the poppr
v.2.9.1 package in R to generate a dendrogram (Kamvar et al.
2014). SplitsTree v4.18.3 (Moulton 2003), which is more suitable
to depict genetic relationships in the presence of recombination,
was used to construct a neighbor-net network to visualize the
genetic relationships among isolates with 1,000 bootstraps. The
existence of an underlying population structure without a pri-
ori population assignment was investigated using discriminant
analysis of principal components (DAPC) in R package adegenet
v.2.1.5 (Jombart 2008). The optimal number of clusters was de-
termined using the function find.clusters, and DAPC was used to
assign individuals to clusters, retaining the number of principal
components encompassing 86% of the cumulative variance.

RESULTS

Phenotypic diversity

Pustule initiations were visible with all five isolates at 6 DPI
(Fig. 1). By 8 DPI, it was possible to classify the isolates as
having low or high virulence on the differential maize set for
each resistance gene (Fig. 1). From an agronomy perspective,
the overall infection level/pattern for Isolates 73 and 1 was over
60%; by comparison, infection levels remained below 40% from
10 DPI for most maize lines. On the contrary, Isolates 9, 24, and
31 displayed diverse infection levels on the differential set.

At 10 DPI, Isolate 31 infection levels were above 25% for
Rp1_K, whereas infection levels remained below 8% for Isolates
73, 24, 9, and 1. Isolate 31 had infection levels of 10% on sweet
corn line E9 carrying Rp1_D, whereas infection levels were over
20% for Isolates 24, 73, and 1. Isolate 24 was able to cause infec-
tion on sweet corn lines E10 that carry resistance genes Rp1_G
and Rp1_J, Rp1_F, whereas Isolates 73, 31, 9, and 1 were not.
Isolate 1 and 73 infection levels for the maize line E29 carrying
Rp5 and Rp1_D were above 38%; however, they remained below
25% for Isolates 24 and 9.

There was no pattern of association of virulence with location
of collection, suggesting that the variation in infection level on
the differential set and infection levels over time were not related
to the agroecological region of origin. Similarly, there was no
association between patterns of virulence and year of collection.
Rust samples collected in 2018 had contrasting virulence pat-
terns on the Rp genes investigated. Interestingly, Isolates 1 and
73 displayed the most similar patterns of infection, despite being
collected from locations separated by over 1,300 km and during
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different years, and belonged to the same clade. The only differ-
ences were reported on Isolate 24 causing infection on Rp1_E
and Isolate 73 on Rp1_I. Although early phenotyping data deter-
mined that some diversity was present between the isolates, they
did not indicate the extent of the genomic divergence between
the isolates.

Population subdivision

All 17 isolates sequenced represented unique genotypes, and
no clones were detected (genotypic diversity = 1). Following
clustering of genotypes based on genetic distance, the 17 isolates
grouped into three different clusters (Figs. 2 and 3). Isolates 9,
12, 13, and 58 belonged to clade one; Isolates 9, 12, and 13 all
collected on the same date and in the same field in Victoria (VIC),
were most closely related. Isolate 58 was collected in 2018 from
Queensland (QLD). Interestingly, Isolate 15 was also collected at
the same location as Isolates 9, 12, and 13 but belonged to the third
clade. Isolate 15 was most closely related to Isolate 73, despite
the two originating from different hosts, sweet corn and maize,
respectively. These two isolates originated from the same field,
although 14 months apart. The second clade comprised the most
diverse group of isolates. Most originated from diverse agroeco-
logical regions in QLD, except for Isolate 51 (VIC): subhumid,
subtropical slopes and wet subtropical coast. The third clade com-
prised two isolates from VIC (Isolates 15 and 73) and two from
QLD (Isolates 1 and 56). Results from the DAPC analysis were in
line with the genetic distance tree, identifying three main clusters
(Supplementary Fig. S1). Cluster 1, the main cluster, consisted
of Isolates 24, 27, 31, 39, 43-1, 43-2, 51, 55, and 57; Cluster 2

included Isolates 1, 15, 56, and 73; and Cluster 3 consisted of
Isolates 9, 12, 13, and 58. The same clusters were identified us-
ing the neighbor-net algorithm implemented in SplitTree (Fig. 3).
Reticulation of the network in the main cluster (Cluster 1) indi-
cated the presence of recombination among isolates, whereas no
reticulation was detected in Clusters 2 and 3.

De novo hybrid assembly of Isolate 1

In MaSuRCA, the total number of contigs was 2,476, compared
with 2,627 for Flye (Table 3). In BUSCO, the completeness of
the P. sorghi draft genome constructed using MaSuRCA was es-
timated to be 90.2%, compared with 89% using Flye, and was
therefore retained. Following the 20× de novo hybrid assembly
of Isolate 1 in MaSuRCA, a draft genome of 145,963,792 bp was
obtained after QUAST analysis (Table 3), with a total length of
145,815,044 bp (≥1,000 bp), compared with 99,534,058 bp in
Rochi et al. (2018). The draft genome comprised 2,702 contigs
for the long-read assembly, compared with 28,117 contigs in the
short-read assembly generated by Rochi et al. (2018). Of the to-
tal number of contigs, 2,476 were over 1,000 bp. The N50 was
123,460 and 4,987 for Rochi et al. (2018), and the L50 was 354,
compared with 3,829 for Rochi et al. (2018).

Following Repeat Masker, a majority of the TEs were clas-
sified as LTR (Long Terminal Repeat) 28.32% (Table 4). When
LTR repeats (40,828,212 bp) were removed, the resulting total
genome length was 104,986,831 bp. The collapse of abundant re-
peats of the rust genome in short-read assemblies often obscures
their “true” genome size. The de novo assembly resulted in a to-
tal interspersed repeats content of 72.77%. RNAmmer (Lagesen

FIGURE 1
The percentage of infection from 6 to 16 days post inoculation (DPI) for the five most diverse Puccinia sorghi isolates in terms of
collection location, year, and host (maize versus sweet corn) on a maize differential set carrying known resistance genes in an
experiment conducted in Wagga Wagga, NSW, Australia.
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et al. 2007) and tRNAScan (Chan and Lowe 2019) identified 13
rRNA and 1,007 tRNA, respectively. DNA elements accounted
for 9.70%, and 34.20% remained unclassified. Gene prediction
was achieved de novo in GenSAS with GeneMarkes and resulted
in 10,357 predicted genes.

The gene prediction from the BRAKER pipeline identified
20,438 gene models and gave the most predictions. However,
the gene prediction with evidence from P. striiformis resulted in
5,536 predicted features.

The hybrid assembly and gene predictions were conducted de
novo, resulting in lower gene identification than in the assembly
by Rochi et al. (2018).

DISCUSSION

Diversity in pathogen populations is the primary cause of re-
sistance breakdown in hundreds of commercial crops (Schumann
and D’Arcy 2012). The P. sorghi inoculum load found in Aus-
tralia is likely to drive the emergence of new virulent strains.
Phenotyping of the five most diverse isolates demonstrated that
the rust population is diverse in Eastern Australia. The effect of
the isolates not only varied on a genetic basis for their maize
hosts but also between 2018 and 2019; that is, not all isolates
produced urediniospores at 8 DPI on all the maize lines. Most

isolates produced some pustules on all maize lines. The risk of
the occurrence of a beneficial mutation in the pathogen remains
low, at infection levels of 1 to 30%. The phenotyping data also
suggest that virulence patterns were not correlated with a partic-
ular agroecological region. The level of diversity at the field level
was not examined, as genome analyses are costly and should be
the focus of further studies.

Maintaining an up-to-date and well-characterized collection
of P. sorghi isolates with different virulence profiles is critical
to assess the resistance in elite breeding lines and novel com-
mercial lines. Furthermore, the data from the long-read sequence
and mapped short reads of the 17 isolates can assist with the
identification of P. sorghi secretomes and candidate effectors.
For instance, we suspect that the gene prediction of 20,438 genes
could potentially have been higher if the gene identification had
not been conducted de novo and more evidence files from other
fungi had been used.

The diversity observed within the population of P. sorghi in
Australia suggests that maize breeding programs are at higher
risks of experiencing the breakdown of monogenic resistance in
the short to medium term and cannot rely on monogenic resis-
tance. Although gene pyramiding offers great hope to increase
the longevity of resistance in commercial crops, stacking an in-
creasing number of resistance genes into one line comes at the

FIGURE 2
UPGMA dendrogram constructed based on Nei’s distance among Puccinia sorghi isolates collected from Zea maydis in Australia.
Bootstrap support values greater than 50 are shown above the branches. The colors of the isolates correspond to the A, state of
collection (Qld: Queensland, Vic: Victoria); B, climate (WTC: wet temperate coast; SSSP: subhumid, subtropical slopes and plains; WSC:
wet subtropical coast; WTCT: wet tropical coast and tableland); C, region; D, host; and E, virulence (scores taken in the field).
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expense of other desirable traits and is time consuming and costly.
In maize, resistance genes located in the Rp1 complex may have
the ability to create new resistance specificities as rapidly as P.
sorghi engenders new virulence. The level of diversity in the P.
sorghi population in Australia has the potential to overcome any
newly deployed resistance genes as soon as they are deployed
in the field. The likelihood that one spore may carry a beneficial
mutation for the pathogen is 107 per day, per hectare, and under
optimal conditions for disease development (Stam and McDonald
2018). According to Stam and McDonald (2018), the likelihood
that a spore carries mutations that would overcome two R genes
is 10−6 × 10−6 = 10−12, representing 10 double mutants per
day, per hectare. Additionally, if three genes are to be overcome,
one mutant would be found in every 10,000 hectares of infected
maize fields. However, for the above to be true, the pathogen
must be avirulent to all three resistance genes. In the lines carry-
ing three resistance genes RpGDJ (Rp1_D, Rp1_G, and Rp1_J),
RpGJF (Rp1_G, Rp1_J, and Rp1_F) and four resistance genes
Rp5GCJ (Rp5, Rp1_C, Rp1_G, and Rp1_J), only two resistance
genes were effective: Rp1_G and Rp5 (Quade et al. 2021). All
other genes were ineffective. It is unknown whether the combina-
tion of those genes into one plant would have a synergistic effect
and provide durable resistance. This leaves the maize industry in
Australia with few candidates for long-term protection.

The high level of genetic diversity among genotypes in 2018
suggests that the population of P. sorghi in Eastern Australia
is genetically diverse and may also support the theory of long-

distance dispersal of genotypes between states. In 2018, weather
conditions were not conducive to disease development, and yet
sporulation occurred, and three distinct clades were identified fol-
lowing mapping (Figs. 2 and 3). We previously thought that the
three clades would group rust isolates collected from the same
field and/or in the same year. However, this was not the case. For
instance, Isolates 9, 12, and 13 from VIC belonged to Clade 1, to-
gether with Isolate 58, which was collected from QLD 2 months
later. Clade 2 comprised the most diverse group of isolates. Al-
though most isolates in Clade 2 originated from QLD, except
for Isolate 51, they all came from different locations of diverse
agroecology. Clade 3 comprised two isolates from VIC (Isolates
15 and 73) and isolates from QLD (Isolates 1 and 56). Isolate 15
was expected to be genetically more closely related to Isolates
9, 12, and 13 but belonged to Clade 3, together with Isolates 1,
56, and 73. Isolates 15 and 73 originated from different hosts.
As demonstrated by other studies (Shah and Dillard 2004), P.
sorghi infects maize and sweet corn indiscriminately. Although
collected 14 months apart, Isolates 15 and 73 also originated from
the same field. It is suspected that individual strains may persist
from one year to the next, but this remains to be confirmed.

Such high levels of genotypic diversity and lack of clones in
the isolates suggest that the P. sorghi population in Australia may
undergo sexual reproduction and/or experience incursions from
overseas. The alternative host, Oxalis spp., is present in Australia.
If the sexual cycle is not active in Australia, it would be expected
that clonally produced isolates would group within a clade based

FIGURE 3
Neighbor-net network con-
structed for Puccinia sorghi iso-
lates collected from Zea maydis
in Australia, with 1,000 boot-
strap replicates, constructed
using genome-wide single-
nucleotide polymorphism data.
The color of isolates corre-
sponds to the region from which
the isolates were collected.
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on year and/or location. It was originally hypothesized that rust
isolates collected from the same field or the same region would
belong to the same cluster, but this was obviously not the case.
Surprisingly, these genetic differences were observed even in a
year of reduced disease pressure and therefore low sporulation.
In years of environmental conditions being conducive to uredin-
iospore production, it is expected that the likelihood of virulence
favorable to the pathogen will increase, as the number of spores
produced increases. The results also warrant a closer look at the
occurrence of the alternate host, Oxalis spp., growing in maize
producing areas in Australia.

Isolates with emerging virulence will have the potential to pro-
duce more spores and spread from new infection sites. The ques-
tion remains as to why Isolate 58 from QLD belonged to the
same clade as three isolates from VIC, but Isolate 51 from VIC

TABLE 3

Genome statistics for the draft hybrid assembly of Puccinia sorghi Isolate 1

Isolate 1 statistics MaSuRCA assembly Flye assembly

# contigs (≥0 bp) 2,702 2,728
# contigs (≥1,000 bp) 2,476 2,627
Total length (≥0 bp) 145,963,792 155,488,878
Total length (≥1,000 bp) 145,815,044 155,417,575
# contigs 2,702 2,723
Largest contig 685,541 981,868
Total length 145,963,792 155,486,859
Estimated reference length 77,000,000 155,486,859
GC (%) 44.38 44.58
N50a 123,460 165,816
NG50b 203,904 nac

N75d 67,607 75,180
NG75e 152,782 na
L50f 354 269
LG50g 134 na
L75h 750 612
LG75i 243 na
# N’s per 100 kbp 0.2 0.23
a N50 = 50% of the total assembled sequences is on contigs larger than that

size.
b NG50 = The size of the smallest contig in the set of largest contigs that

make up 50% of the estimated genome size.
c na = not available.
d N75 = 75% of the total assembled sequences is on contigs larger than that

size.
e NG75 = The size of the smallest contig in the set of largest contigs that

make up 75% of the estimated genome size.
f L50 = Count of the smallest number of contigs whose length makes up

50% of the genome assembly size.
g LG50 = Count of the smallest number of contigs whose length makes up

50% of the estimated genome size.
h L75 = Count of the smallest number of contigs whose length makes up

75% of the genome assembly size.
i LG75 = Count of the smallest number of contigs whose length makes up

75% of the estimated genome size.

TABLE 4

Proportions of repeated sequence content in Puccinia sorghi hybrid
assembly

Repeat class Percentage (%)

SINEs 0
LINES 0.55
LTR elements 28.32
DNA elements 9.70
Unclassified 34.20
Total interspersed repeats 72.77
Small RNA 0
Satellites 0
Simple repeats 0.42
Low complexity 0

was in the Clade 2 with isolates from QLD. It is unclear whether
these isolates migrated in wind currents or human intervention
transported them from one state to the next.

The hybrid assembly resulted in an increase in read length.
Rochi et al. (2018) obtained a genome size of 78 Mb for P. sorghi
after assembly with SPAdes, once most of the reads had been
assembled. A total length of 145,815,044 bp (≥1,000 bp) was
obtained. This is similar to long reads based on de novo assem-
blies of several other rust fungi, for example, P. triticina (140 Mb)
(Wu et al. 2020) and P. coronata f. sp. avenae (99.2 Mb) (Miller
et al. 2018), and Rochi et al. (2018) estimated that the genome
size of P. sorghi is 102 Mb. The higher percentage of LTR found
by Rochi et al. (2018) (15.76% compared with 28.32% in the
findings of this research) suggests that the short-read assembly
is less effective in handling repeat regions. The repetitive na-
ture of the genomes of rust species limits the ability to estimate
their true genome size based on assembled sequence data. LTR
are responsible, among other mechanisms, for the integration of
the newly created cDNA into another location and contribute to
genome plasticity. DNA elements accounted for 9.70% of the re-
peats, compared with 7.41% for Rochi et al. (2018). However, it
was unclear why 34.20% remained unclassified, compared with
22.13% in the study by Rochi et al. (2018) and 16.02% in the
study by Miller et al. (2018). It is suspected that the higher-quality
genome assembly resulted in the identification of a greater num-
ber of repeat regions that are yet to be categorized. The total
interspersed repeat content of 72.77% found in the de novo as-
sembly is close to that found by Tobias et al. (2020) in their study
of Austropuccinia psidii, with over 80% interspersed repeats.

Maize breeding programs are urged to orientate their research
toward multigenic resistance and/or quantitative resistance. The
likelihood of a single gene continuing to provide effective re-
sistance is extremely low, considering the diversity present in
the Australian population of P. sorghi. Ongoing monitoring of
the rust population across maize growing regions is necessary
to make informed decisions on which maize lines should be re-
moved from the market as soon as they become susceptible to
prevent exponential spore production. A targeted effort to under-
stand the role of the alternate host, Oxalis spp., in the emergence
of new pathotypes is required. Virulence studies will also help
us understand the origin of new virulence and alert us to poten-
tial overseas incursions (e.g., transported by human and/or wind
currents).
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