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Cassava bacterial blight (CBB), incited by Xanthomonas axonopo-
dis pv. manihotis (Xam), is the most important bacterial disease of
cassava, a staple food source for millions of people in developing
countries. Here we present a widely applicable strategy for eluci-
dating the virulence components of a pathogen population. We
report lllumina-based draft genomes for 65 Xam strains and de-
duce the phylogenetic relatedness of Xam across the areas where
cassava is grown. Using an extensive database of effector proteins
from animal and plant pathogens, we identify the effector reper-
toire for each sequenced strain and use a comparative sequence
analysis to deduce the least polymorphic of the conserved effec-
tors. These highly conserved effectors have been maintained over
11 countries, three continents, and 70 y of evolution and as such
represent ideal targets for developing resistance strategies.

innate immunity | type three effectors | next-generation sequencing

he most effective, environmentally sound, and widely used

strategy for providing disease resistance to crop plants is
through the deployment of resistance (R) proteins. This method
of crop protection has been actively used by geneticists, breeders,
and farmers for over 100 y. However, whereas some R proteins have
been effective in the field for decades, others were defeated in
a single season (1, 2). Our inability to a priori predict which R
proteins will confer broad spectrum, durable resistance is a major
limitation to crop improvement efforts and stems from an incom-
plete understanding of the genomic diversity present in a pathogen
population. The advent of high-throughput sequencing technolo-
gies makes population genomics studies practical (3, 4).

R proteins trigger resistance responses upon recognition of
pathogen-associated molecular patterns (PAMPs) at the host cell
periphery or type three effector (T3E) molecules inside the host
cell (5). The latter are delivered via the type three secretion
system (T3SS) and collectively act to promote virulence in the
host. PAMP-triggered and effector-triggered immunities have
historically been divided into different classes of resistance.
Resistance triggered by PAMPs tends to be weaker than resis-
tance triggered by effectors; however, the characterization of
additional PAMPs has made this type of classification less clear
(5, 6). Effector repertoires from important plant pathogens have
been characterized and the results have shown that pathogen
genomes encode variable T3E repertoires (7). However, such
studies have been limited by the use of techniques such as PCR
and hybridization, neither of which easily identifies the presence
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of frameshift or truncation mutations, and consequently impor-
tant polymorphisms may have been missed. The respective role
of several individual effectors has also been deduced (7). With
a few exceptions (8-12), the results have shown that effector
protein functions are widely redundant and loss of a single ef-
fector does not result in a significant detriment to pathogen fit-
ness (7). However, our ability to fully understand the role of
effector proteins in pathogenesis is limited by the experiments
we can perform in the laboratory, generally considering a single
inoculation method with pathogen growth measured over a rel-
atively small timescale.

Behind rice and corn, cassava is the third largest source of
calories eaten by people living in the tropics yet it is a compar-
atively understudied crop (13). Since its domestication 5,000
7,000 y ago in South America, cassava has been spread across the
tropical regions of the world. Cassava bacterial blight (CBB)
incited by the bacterial pathogen, Xanthomonas axonopodis pv.
manihotis (Xam) can result in severe crop losses (14). Crop im-
provement efforts have aimed at attaining CBB resistance;
however, these efforts have been largely unsuccessful, most likely
due to genetic diversity among Xam strains (15). Introduction of
R proteins into cassava through genetic engineering or breeding
is possible (16, 17); however, both processes are time consuming
and laborious, highlighting the importance of first identifying
the most promising R proteins. Here we report full-genome se-
quencing, PAMP, and effector identification from 65 geograph-
ically and temporally diverse Xam strains. Our data pinpoint
highly conserved components of the Xam genome as ideal tar-
gets for developing resistance strategies.
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Fig. 1.

Results

We assembled a collection of 65 Xam strains covering three
continents and 11 countries and spanning 70 y of evolution (Fig. 1
and Table S1). We used Illumina next-generation sequencing
(NGS) technology to generate 100-bp paired-end datasets for
each Xam strain. Reads were de novo assembled into draft
genomes (assembly statistics: Table S1). A comparison of our
assembly statistics with those published previously (19) confirms
the overall high quality of our assemblies. An important goal of
this research was to accomplish large-scale sequencing at rela-
tively low cost (Table S2). Notably, our high-quality draft genomes
were attained without the use of a costly secondary technology
such as Sanger or 454 sequencing. Our datasets ranged from 37x
to 598x coverage. We did not find a significant correlation be-
tween assembly quality and coverage, suggesting that other fac-
tors, such as library quality or percentage of repetitive DNA in
each genome, may dictate assembly quality.

Full-Genome SNP-Based Phylogeny. Horizontal gene transfer from
distantly translocated pathogen strains can aid the ability of local
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Geographical/temporal representation of sequenced Xam strains. Represented countries are colored green. NR: no record. Map was created with the
maps platform of R (18). Specific collection location of older strains is not known and therefore, for the purpose of this study, origin is limited to country.

pathogen populations to overcome local resistance phenotypes.
To determine the level of global movement, we constructed a
phylogeny for the 65 sequenced Xam strains. Neighbor joining
and maximum-likelihood phylogenetic analysis yielded highly
similar trees and were done essentially as previously described (3).
Genome assemblies and SNP analyses were performed using CLC
Genomics Workbench. Identified SNPs were concatenated,
aligned, and used in tree building. This method has the advantage
of a high level of resolution even among closely related strains.
Among Xam strains (12,802 SNPs from 65 strains) we observe
a strong clustering by geographic origin with only a few outliers
(Fig. 24 and Fig. S1). Our phylogeny shows a distinct Brazil clade
that shares a common ancestor with both the Colombia and the
African clades. Although CBB was first reported in Brazil in 1912,
it was not reported in Africa until the 1970s (20, 21), but is thought
to have been spread to Africa during the slave trade. Importantly,
our results suggest that whereas Xam is primarily evolving in-
dependently in the surveyed areas, some global movement does
occur, which is consistent with previous reports (22) and highlights
the need for a globally effective resistance strategy.
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Fig. 2. Full-genome SNP identification allows phylogenetic analysis of closely related Xam strains. A vs. B shows difference in phylogenetic relationships
when INDELs are excluded (A) or included (B). (A) CLC Genomics Workbench was used for reference-based assemblies, SNP identification, and neighbor-
joining analysis (1,000 bootstraps; Fig. S1). Xam strains cluster primarily by geographic region with a few outliers. Colored groups are supported by 1,000/
1,000 bootstrap replicates. Yellow, Brazil; blue, Colombia; purple, Africa; white, other/geographic outliers. (B) SNP-based phylogeny of Brazilian strains
including INDELs. A total of 55,927 variable positions were identified, concatenated, and applied to neighbor-joining phylogenetic analysis (100 bootstraps,
* denotes less than 100-bootstrap support for node). Date of collection for each strain is shown.
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Brazil is the best-represented country in our collection (32
strains, 1941-2010). The SNP-based phylogeny described above
ignores insertions/deletions (INDELs) as well as strain-specific
plasmid sequences. It has previously been shown that plasmids as
well as genes encoding effector molecules are often polymorphic
in pathogen populations (7, 23). To investigate how inclusion of
these sequences would affect phylogeny, we used Mauve (24) to
align de novo contigs from the Brazil strains and compared the
results to the Brazil clade from the above analyses. Variable
positions were identified, concatenated, and used in tree build-
ing. With the inclusion of INDELs we observed a fourfold in-
crease in total number of variable positions (12,802-55,927),
suggesting that insertions and deletions constitute a significant
proportion of the variability among Xam strains. Whereas some
phylogenetic relationships were maintained with the inclusion of
INDELSs, many relationships were altered (compare Fig. 24 with
2B). These results could be explained by horizontal gene transfer
through mobile plasmids or other sequences. Indeed, Xam
strains contain diverse plasmid profiles (Fig. S2).

The phylogenetic relationship between Xam and other xan-
thomonads has been previously analyzed (25). As full-genome
SNP analysis allows a more in-depth characterization of re-
latedness, we used Mauve and SNP concatenation to determine
the phylogenetic relatedness of representative Xam strains
compared with other fully sequenced xanthomonads. Our results
show that Xam is phylogenetically most closely related to Xan-
thomonas euvesicatoria, Xanthomonas perforans, Xanthomonas
axonopodis pv. citri (Xac306), and Xanthomonas axonopodis pv.
citrumello F1 (on the basis of 1,442,868 SNPs from 20 strains,
Fig. S3), consistent with previous reports (25).

Potential R Protein Targets Encoded in the Xam Genome. R proteins
recognize specific microbial molecules such as PAMPs and T3Es.
The primary goal of this research was to identify the most highly
conserved potential R-protein targets among the Xam pan-ge-
nome. To this end we began our analyses with two of the most well-
characterized PAMPs from plant pathogenic bacteria: fig22 (from
the FliC gene) and Ax21. Genes homologous to FliC and Ax21
were, unsurprisingly, present in all 65 Xam strains, suggesting that
corresponding R proteins may be able to trigger resistance in re-
sponse to Xam (Fig. 3). FLS2, an R protein from Arabidopsis ca-
pable of recognizing fig22, may be a good candidate. However, it is
important to note that previous work has demonstrated the re-
quirement of PAMP posttranslational modifications for triggered
immunity. Ax21, for example, is a novel quorum-sensing PAMP
from Xanthomonas oryzae pv. oryzae (Xoo) and requires sulfation
by the putative sulfotransferase RaxST to be recognized by the rice
R protein Xa2l (5, 26, 27). All tested Xam strains contain ho-
mologous sequences to the Ax2] and RaxST genes; however, 28 of
65 Xam strains contain a premature stop codon at the 5’ end of the
latter coding sequence. These results suggest that whereas it may
be possible to find an R protein capable of recognizing Xam Ax21,
Xa21 would likely be capable of recognizing only approximately
one-half the surveyed Xam strains.

Identification of Xam Type Three Effectors. R proteins can target
a second class of pathogen molecules that are collectively known
as T3Es. Type three effectors are delivered to host cells via the
T3SS and previous research has shown that pathogenic bacteria
have diverse sets of effector proteins that collectively contribute
to overall pathogen virulence levels (19, 28). For the purpose of
this study, we define T3Es as any proteins that have been shown
to be translocated into the plant cell via the T3SS and use the
recently described effector class nomenclature (29-31). To date,
a definitive type three secretion signal consensus has not been
identified and consequently, de novo computational prediction
of T3Es remains a challenge. We used BLAST and keyword
searches in the National Center for Biotechnology Information
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(NCBI) to generate a comprehensive database of 1,019 known
and putative type three effector sequences from plant and animal
pathogens (Dataset S1). We then used BLAST to identify
matches in the Xam genomic contigs (Fig. 3, Figs. S4 and S5, and
Materials and Methods). This initial effector identification step
was conducted with loose stringency (45% amino acid identity
over 50% of the effector coding sequence) as previous research
has suggested that functionally homologous effector domains can
be polymorphic between different pathogens (8). In addition to
effector homologs from other xanthomonads, we identified sev-
eral potential coding sequences with homology to known effec-
tors from diverse pathogens, including Pseudomonas syringae and
Ralstonia solanacearum. In-depth characterization of these genes
will be an intriguing direction for future research. However, for
the next step of this study we chose to focus our analysis on
xanthomonad effectors as these are most likely to have a con-
served virulence function and were generally highly similar
(>70% identity) to the putative Xam homologs. Notably, ho-
mology searches may not identify frameshift or premature stop
codon mutations. Consequently, we extracted the corresponding
nucleotide sequence for each potential effector hit from each
Xam strain, translated the coding sequence into amino acids, and
performed amino acid alignments to identify alternate gene
models. The results were used to modify the original BLAST
output as to the presence of pseudogenes. Total effector gene
content ranged from 14 to 22 (Fig. 3 and Fig. S4). Interestingly,
in contrast to previous reports that attempted to assess effector
content among bacterial strains on the basis of hybridization
techniques, we were able to conclusively identify the presence of
pseudogenes and note that this type of mutation (opposed to
complete loss of coding sequence) is relatively high in Xam.

Does Size Matter? To investigate virulence levels among Xam
strains, we inoculated in vitro plantlets from an African model
cassava cultivar TMS60444 (16) with a selection of strains from
Africa, South America, and Asia, using an adapted stem punc-
ture method and measuring symptoms with the area under the
disease progression curve (AUDPC) scoring system (32) (Fig.
S6A4). In addition, we conducted bacterial growth assays by
monitoring bacterial populations in planta over a 10-d period
(Fig. 3). With neither of these inoculation methods did we find
a significant correlation between effector repertoire size and
virulence. Nor did we find evidence that the number of effector
genes increased over time on the basis of comparing strains from
the same location but collected during different years. Signifi-
cantly, our results identified nine core effector genes that have
been conserved among Xam strains across three continents, 11
countries, and 70 y of evolution (Fig. 3 and Fig. S4).

The identified conserved effectors are likely to have a role in
bacterial fitness, as they have been maintained in the Xam genome
for over 70 y. We can speculate about potential function of some
effectors on the basis of effector characterization research from
other systems. Hpa2, HpaA, HrpF, and XopAE (a.k.a. HpaF) are
all located within or near the T3SS (Hrp) gene cluster (33). Hpa2 is
homologous to the lysozyme-like family of proteins and is thought
to form a complex with HpaA to facilitate secretion of T3Es (34,
35). HrpF is a putative T3E translocon protein although its role in
virulence appears to be pathogen specific (36). XopAE and XopL
both contain a leucine-rich repeat (LRR) domain and the former
has been shown to be required for full virulence in Xanthomonas
glycines (37, 38). XopEl is a member of the HopX family of
effectors that contain a conserved putative N-myristoylation motif
(38). XopN has been shown to play a role in virulence and is
thought to suppress basal defenses (39). Functional studies of
XopAK are currently lacking but it contains homology to the se-
creted HopK1 effector from Pseudomonas strains (19) and is a pu-
tative transglutaminase (31). XopV is of unknown function (29, 40).
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Sequence Comparisons Identify the Most Static Effectors. R genes
recognize the presence of pathogen molecules directly or in-
directly (41-43). Recent work has shown that the virulence and
avirulence function of some T3Es can be uncoupled; that is, it is
possible to abolish effector recognition while maintaining ef-
fector virulence functions through site-specific mutations (8). We
hypothesized that domains necessary for bacterial fitness would
be those that are most highly conserved in a population. To as-
sess the level of allelic polymorphisms among the Xam strains for
each PAMP and effector, we generated nucleotide and amino
acid sequence alignments for each effector. Several techniques
for measuring nucleotide diversity have previously been com-
pared (44). Although very powerful, these techniques are limited
in the number of sequences that can be compared, are accom-
panied by assumptions about phylogeny and mutation rate that
may be inappropriate for analysis of effector sequences, or do
not fully encompass sequence variation. To fully encompass the
variance present in these alignments as simply as possible, we
chose to represent these data as a set of multidimensional vec-

tors. Doing so allowed us to calculate variance at every position
in the alignment across the length of each coding sequence
without any accompanying assumptions of mutation rate (Mate-
rials and Methods). Although several genes display relatively high
levels of polymorphism, others, Ax21, FliC, XopAE (HrpF),
XopAK, XopL, XopV, and XopN in particular, were remarkably
static across all strains (Fig. 4 and Fig. S7).

TAL Effectors. In addition to the type three effectors mentioned
previously, Xam strains contain an additional important class
of T3Es: the transcription activator-like (TAL) effectors. TAL
effectors are delivered into the host cell and then translocated
to the nucleus where they bind host promoter elements and
up-regulate transcription (45-48). TAL effectors contain a cen-
tral repeat domain in which amino acids 12 and 13 [known as the
repeat variable diresidue (RVD)] of each repeat dictate binding
to a specific nucleotide in the promoter of the target plant gene.
The bound sequence is known as the effector binding element
(EBE) (49). Although important to pathogen virulence (50), TAL
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Fig. 4. Sequence comparison among Xam effectors identifies the least polymorphic effectors. Effector sequences were obtained from Xam genome as-
semblies as described in Materials and Methods and Fig. S5. Clustal sequence alignments were created for each effector and sequence variance was calculated
by representing each sequence as a set of multidimensional vectors. A standard mathematical measure of variance was then applied (Materials and Methodss).
Gene models (solid black line) are displayed directly above the x axis and the number of strains with the given gene model is displayed to the right of each

gene model. Additional effectors are displayed in Fig. S7.
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DNA sequences (tal genes) are inaccessible to assembly using
short-read technology because of this highly repetitive central
domain and consequently were not revealed during our Illumina
assemblies and effector prediction. To gain additional in-
formation about Xam TAL effectors, we conducted Southern blot
analysis to estimate the approximate copy number of TAL ef-
fector proteins across our Xam isolate collection (Fig. 3 and Fig.
S8). Conveniently, because of the high level of sequence con-
servation across all TAL effectors, it was possible to use a single
probe, to identify multiple TAL sequences. All Xam strains tested
contain at least one TAL effector sequence and most strains
contain multiple copies. Studies in several other Xanthomonas
spp. suggest that TAL effectors play a major role in symptom
development (51-54). Correspondingly, we found a moderate
correlation (R” = 0.64) between symptom severity and tal gene
copy number. However, bacterial growth was only weakly corre-
lated with fal gene copy number, suggesting that TAL effectors
may have unequal contributions to overall virulence (Fig. 3).

To further characterize Xam TAL effectors, we chose to focus
our studies on Xam668 and CIO151. We used Sanger sequencing
from cosmid libraries and subclones to determine the TAL ef-
fector sequences for each strain. CIO151 encodes two TAL
effectors (with 14 and 21 RVDs) whereas Xam668 encodes five
distinct TAL effectors (with 13, 14, 15, 18, and 22 RVDs).
CIOI151 and Xam668 share one TAL effector of common size
but differing sequence and consequently predicted EBEs (Table
1). The two largest TAL effectors from each strain (TAL21 10151
and TAL22x,mees) are most similar to each other with mostly
HD and NG RVDs, suggesting a common origin. Notably, no
two sequenced TAL effectors were identical, suggesting that
TAL effector sequences within and among strains may be very
diverse. Effective TAL effector-based resistance strat-
egies necessitate a more complete understanding of the TAL ef-
fector diversity on a population scale. Unfortunately, subcloning
and Sanger sequencing are not high-throughput. Pacific Bio-
sciences now offers a third-generation sequencing technology
with the advantage of very long reads (up to 20 kb) but the
problem of a high error rate (~20%). We generated PacBio data
for strain Xam668; however, the TAL effector sequences were still
not resolved via commercial platforms such as CLC Genomics
Workbench and LaserGene. Of ~160,000 PacBio reads, we
identified ~200 reads containing ta/ gene sequences and many of
these reads spanned the repeat region; however, because of the
incredibly high error rate, it was not possible to unambiguously
resolve the tal gene sequences. Our results suggest that in the
near future, as long-read sequencing technologies improve their
error rate, it may be possible to resolve fal gene sequences.

Discussion

The level of dependence that people have on cassava was dem-
onstrated during the devastating cassava mosaic disease epi-
demic in Uganda in the 1990s when cassava crop losses led to
widespread starvation. CBB is the most important bacterial
disease of cassava with losses in Africa alone totaling 7.5 million
tons annually (15). Especially because Xam is a vascular patho-

gen and cassava is generally propagated through stem cuttings,
CBB is difficult to control. To date, the most effective means of
disease control in crop species are through the introduction of
specific plant R proteins that recognize conserved pathogen
molecules. The fact that cassava genome modification through
breeding or engineering is time consuming and laborious neces-
sitates a priori identification of the most promising resistance
proteins. A fundamental limitation of most resistance proteins is
that they are often defeated quickly as the cognate pathogen
mutates to avoid detection. This limitation stems from an in-
complete understanding of pathosystems and the factors that
determine the durability of a given resistance protein.

In this study we have combined next-generation sequencing
with computational biology to rapidly gain a vast amount of in-
formation about the Xam—cassava pathosystem. SNP-based phy-
logeny allowed high-resolution comparisons between closely
related strains and suggested that although Xam strains are mostly
geographically isolated, some amount of genetic drift occurs.
These results highlight the need for a broadly effective strategy. In
planta virulence assays were done on the cassava cultivar
TMS60444, which originates from Nigeria. Our results indicate
that African strains are more virulent than South American
strains (P < 0.01, Fig. S6) on this cultivar, suggesting adaptation of
Xam strains against regional cassava varieties; however, this ob-
servation requires further investigation to determine whether this
trend applies to other African and South American varieties.

Central to the goal of this research is a fundamental concept of
plant innate immunity first proposed by H. H. Flor in the 1950s:
that resistance responses are traceable to a single gene from the
pathogen and a single gene from the host (55). Whereas our un-
derstanding of the molecular components governing host—patho-
gen interactions has expanded, the underlying concept proposed
by Flor has held true for innate immunity in both plants and ani-
mals. This “gene-for-gene” concept is key to the success of the
resistance strategies proposed here. We identified the most glob-
ally and temporally conserved PAMP and effector molecules from
the sequenced Xam genomes as ideal targets for R gene mining
from cassava germplasm and cassava’s wild relatives. In addition, it
may be possible to use nonhost R genes as recent research has
shown that R proteins can retain function in diverse hosts (56). To
identify potentially useful R genes, our future research will aim at
transiently expressing the conserved PAMPS, effectors, and ef-
fector domains in diverse hosts in search of R-gene-triggered re-
sistance responses. Once a resistance response is identified, the
causal R gene must be cloned. Cloning plant genes is not an in-
significant task, highlighting the importance of first identifying R-
protein targets that are widespread in a pathogen population.
Although still a considerable amount of work, the speed at which R
genes can be cloned has increased significantly during the last
decade, in large part because of creative genomic techniques (57).
Once identified, R proteins will be transferred to farmer-preferred
varieties of cassava that are currently susceptible to Xam infection.

Our results identify candidate targets for new resistance
strategies as well as alert us to potential pitfalls. For example,
the rice Xa2l gene confers strong resistance to strains of Xoo

Table 1. TALE RVDs

TALE RVD Sequence

TAL13xanme68 NI NS NN HD NG HD NI NG HD NN NI NI NG

TAL14xam668 NI NG NI NN NG HD NS NS NN NG HD NN NI NG

TAL14ci0151 NI NG NI NN NI HD NS NS NN NG HD NN NI NG

TAL15xam66s NI NG NI NN HD HD NS NS NS HD HD NS HD NG NG

TAL18xams6s NI NG NI NN NI HD NS NS NN NS HD NN HD HD HD NI NG NG

TAL21ci0151 NI NG HD NG HD N* NG NG HD HD HD NG N* NG HD NG NG NG HD NG NG
TAL22xapj668 NI NG HD NG NG NG HD HD NG NG HD NG HD HD NG NG HD NG NG HD NG NG
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expressing the sulfated bacterial PAMP, Ax21 (5). Sulfation of
Ax21 is accomplished via a second Xoo protein, RaxST (27). Ax21
is highly conserved among Xam strains but many Xam alleles of
raxST contain a premature stop codon at the 5’ end of the coding
sequence. These results suggest that Xa21 would confer resis-
tance only to some strains of Xam. Notably, this important result
would not have been identified through hybridization studies
such as Southern analysis or PCR.

Xam strains contain TAL effectors. TAL effector proteins have
previously been implicated in virulence and are thus of interest
here (45). A previous study of 189 Xam strains from Colombia
used Southern analysis to show that all tested strains contained at
least one TAL sequence, further highlighting the high level of
conservation of this group of proteins among Xam strains (58).
Unfortunately, Illumina data alone were not sufficient to de-
cipher the complicated and repetitive nature of the TAL effector
coding sequences. Through traditional molecular biology tech-
niques we confirm that the Xam genome encodes multiple
members of the TAL effector class of proteins of variable size,
sequence, and copy number. Our desire to further understand the
genomic diversity among Xam TAL effectors directed us to the
long, error-prone PacBio sequencing reads. Our hope was that
the length of the PacBio reads would allow us to span the re-
petitive region of TAL effectors and deduce their respective
RVDs. We found that it was possible to make use of these reads
through manual error correction, however, and not through the
tested commercial platforms. The unique structure and function
of TAL effector proteins invites novel resistance strategies as
described by others (46); however, our results highlight the need
for a more complete understanding of the variation among TAL
effectors on a pathogen population scale. This need is especially
noteworthy as previous research has shown that TAL effectors
induce expression of susceptibility genes in their respective hosts,
facilitating pathogen growth. An outstanding question of partic-
ular interest is whether distinct TAL effectors target distinct
susceptibility genes, potentially correlating with the geographic
origin of different host cultivars. Technology surrounding geno-
mic sequencing is improving essentially at lightning speed and
consequently we believe that it will soon be possible to overcome
the challenges currently posed by repetitive DNA sequences.

At least nine effectors, additional members of the TAL ef-
fector proteins as well as the bacterial PAMP genes FliC and
Ax21, have been maintained in the Xam genome across 11
countries, three continents, and 70 y. We acknowledge that
a high level of genomic conservation does not necessarily mean
that the corresponding genes are impervious to loss or mutation,
especially in the face of strong selective pressure. We propose
that several R genes be stacked in the genome of one crop plant,
as has been proposed by others (59), and that our approach be
used to identify those R genes.

Notably, our studies have been inexpensive (Table S2). As
prices continue to fall, in the near future it will be possible to
continually sample pathogen populations collected in the field to
identify potentially problematic mutations before positive se-
lection and spread in the field. Although our experiments have
focused on the cassava—Xam interaction, the methodology de-
scribed herein is widely applicable to diverse pathosystems.

In summary, we identified the most highly conserved potential
R-gene targets in our pathogen population. In addition, our data
provide an unparalleled analysis of the evolution of a plant
pathogen. Combination of NGS and computational biology rep-
resents a paradigm shift in the way resistance strategies are and
will be developed against pathogens and is an essential step in the
goal of feeding the rapidly increasing global human population.

Materials and Methods

Strains. CBB was identified in cassava fields on the basis of the presence of CBB-
like symptoms. Bacterial isolations were performed essentially as previously

E1978 | www.pnas.org/cgi/doi/10.1073/pnas.1208003109

described (60). All bacterial isolates were determined to be Xam on the basis of
the 16S sequence analysis (61). Spontaneous rifampicin-resistant mutations
were generated for Xam strains and used in all downstream analyses.

lllumina Sequencing. Genomic DNA was isolated using a modified CTAB
(hexadecyltrimethyl ammonium bromide) protocol. Briefly, 2-mL cultures were
grown in NYGB (nutrient yeast extract glycerol broth) for 2 d at 28 °C under
constant shaking. Cells were pelleted and resuspended in TE (Tris/ethyl-
enediaminetetraacetic acid). Cells were lysed in SDS/CTAB extraction buffer
before phenol:chloroform:isoamylalcohol extraction. DNA was precipitated
in isopropanol and washed with 70% (vol/vol) EtOH. DNA quantity and
quality were assessed by a combination of nanodrop and gel electropho-
resis. Ten micrograms of DNA was sheared to ~400 bp, using a Covaris S-
series instrument. Illumina paired-end libraries were prepared on an
APOLLO 324 automated library prep robot (IntegenX) followed by 15 cycles
of PCR amplification to add index primers for multiplexing. Before se-
quencing, libraries were quality tested on a bioanalyzer. Between 19 and 30
samples were multiplexed per lane of the Illumina HiSEq 2000 sequencer.

Assembly and Computation Analysis. Assemblies were performed on CLC
Genomics Workbench v 4.9, using the default parameters for reference as-
semblies to Xac306 and a length fraction of 0.9 and a similarity of 1.0 for
reference assemblies to Xam668 and de novo assemblies.

At the time of analysis, full-genome sequences were available from NCBI
for 12 xanthomonads. We used Mauve3.2.1 to align these genomes with 7
geographically and temporally diverse Xam strains and to identify genome-
wide SNPs among all strains. SNPs were concatenated for use in a maximum-
likelihood analysis (3). Unfortunately, Mauve was not able to process all 65
Xam strains, for unknown reasons. Consequently, we used CLC to identify
SNPs from reference-based assemblies (Xam668 or Xac306) to compare all 65
Xam strains. Concatenated SNPs were fed into PHYLIP3.69 dnaml for maxi-
mum-likelihood analysis or the neighbor-joining tree-building program of
CLC genomics workbench. Default parameters were used (transition/trans-
version ratio 2.0000, with constant rate variation among sites). Resulting
trees were formatted using FigTree.

Effector Prediction. All known type three effectors from animal and plant
pathogens were collated into a spreadsheet with NCBI accessions, annota-
tions, and amino acid sequence. This database is available for download as
Dataset S1. Effector prediction in the newly sequenced Xam strains followed
a three-stage process: (i) Potential effectors were identified by BLAST with
a 45% amino acid homology as the lower limit. (ii) In-house python scripts
were used for gene prediction and sequence extraction from Illumina con-
tigs. Nucleotide sequences were translated to amino acids. (iii) Hits were
inspected for truncations and frameshift mutations. A confirmed hit repre-
sents an amino acid sequence that is at least 80% of the length of the target
sequence and at least 45% homologous. Most analyses were performed on
de novo assemblies from CLC genomics workbench; however, in some cases,
coding sequences extended past the end of contigs. In this case, reference-
based assemblies to Xac306 or Xam668 were also considered.

Sequence Variation Analysis. We represent a position in a sequence as a five-
dimensional unit vector of the form s; = (A, T, C, G, -), where the values of A,
T, C, G, and - are 1 if the sequence has that nucleotide or gap at a given
position and 0 otherwise. The variance of the set of N vectors is

1

 Zlsi—cl,

M=

Var({s1,....sn}) =

where c is the average or “consensus” sequence, ¢ = 1/NYVs;, and ||s;— ||
is the Euclidean distance between s; and c. For amino acid variance, the same
concept was used with vectors long enough to encompass all possible
amino acids.

Growth Assays. Xam was suspended in 10 mM MgCl, at an ODggo = 0.01. A
razor blade was used to create a small nick on the underside of fully ex-
panded leaves and a 1-mL syringe was used to introduce a small amount of
the Xam solution to the leaf (cassava cultivar TMS60444). At each time point,
leaf punches (1 cm?) were ground in 10 mM MgCl, with one 3-mm glass
bead in a beadbeater. Serial dilutions were plated on NYGA (nutrient yeast
extract glycerol agar) plates supplemented with rifampicin (100 pg/mL) to
estimate bacterial populations.

AUDPC Assays. Area under the disease progression curve was measured es-
sentially as previously described (32).
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