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For each genome, the percentages of core, group-specific, and accessory orthogroups
were calculated and provided in Table S2. To compare these percentages between P and
NP genomes, we have plotted them using boxplots in Figure 2. For example, we plotted
68 P-values and 24 NP-values side by side in Figure 2A to compare the percentages of
group-specific orthogroups. The Wilcoxon test (one-tailed two sample test) was further
performed on the 68 and 24 values to calculate a statistical p-value. A p-value < 0.05 means
the P genomes have significantly higher percentages.

Figure 2. Boxplots of percentages of orthogroups in the 68 pathogenic species (P) and 24 non-pathogenic species (NP).
(A): Group-specific orthogroups. (B): Accessory orthogroups. Two sample Wilcoxon tests were performed to compare the
percentages between P and NP species groups. The original data for these plots can be found in Table S2.

2.4. Transmembrane Domain (TM) Prediction

All proteins of the 92 genomes were predicted for the likelihood of being a transmem-
brane (TM) protein using TMHMM [12] with default parameters. Proteins with at least one
predicted transmembrane segment were considered TM and used for the analysis.

2.5. Horizontal Gene Transfer (HGT) Prediction

All the genomes were analyzed using the DIAMOND blastp command [25] against
the NCBI non-redundant (nr) database. The results output was processed using HGT-
Finder [11] to determine genes most likely acquired from the horizontal gene transfer.
Transfer index statistics were corrected for multiple comparisons using an included R script
for false discovery rate (FDR) correction. Genes with FDR < 0.01 were used for further
enrichment analysis.

2.6. Annotation Enrichment

A custom Python script was used to connect each orthogroup’s proteins to their
respective annotations and return the number of occurrences. Annotation frequencies for
species orthogroups were compared using an R script utilizing binom.test comparison and
p.adjust Bonferroni correction for multiple comparisons. Group-specific orthogroups and
accessory orthogroups were compared to core orthogroups intra-species. This pipeline has
been developed and detailed in our previous paper [20].

2.7. Phylogram and Heatmap Figure Construction

In total, 132 orthogroups contain a single gene from each of the 92 genomes and thus
represent single-copy conserved genes. These 132 single-copy genes of each species were
concatenated, and 92 concatenated sequences were aligned using MAFFT [26]. FastTree [27]
was used to build a phylogenetic tree from the aligned sequences. The Interactive Tree of
Life (iTOL) online visualization tool [28] was used to generate the final phylogram and
heatmap for enrichment of function terms. Phytopathogenic and non-pathogenic species
JGI portal names were labeled in red and green, respectively. Branch bootstrap values
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were indicated numerically, mid branch. Enrichment p-values were heatmap plotted using
−log10 values with a gradient from less significant as light blue (p-value of 0.05, −log10
value of −1.3) to red (p-value of 1 × 10−20, −log10 value of −20) for more significant.

2.8. Data and Code Availability

The authors affirm that all data necessary for confirming the conclusions of the article
are available from their respective owners as referenced in the text. All the JGI genome data
used in this study have been published by their original authors (cited in Table S1). All the
computer codes developed for this study are available on GitHub at: https://github.com/
danielpeterson0530/Orthologous-Groups-Separation (accessed on 26 October 2020).

3. Results
3.1. Orthogroup Categorization Shows That ~20% Orthogroups Are Group-Specific and Accessory

Overall, 1,154,476 proteins from the 92 Ascomycota genomes were split into 140,367 or-
thogroups. These include three orthogroup classes (Figure 1): (i) 99,004 proteins in acces-
sory orthogroups (P or NP), (ii) 90,638 proteins in 21,790 group-specific orthogroups (P
group-specific or NP group-specific), and (iii) 964,834 proteins in 19,573 core orthogroups
(Table S2). On average, roughly 80.5% of each genome’s orthogroups was sorted into core
orthogroups, 8.7% into group-specific orthogroups, and 10.8% into accessory orthogroups.
Figure 2A shows the comparison of group-specific orthogroups percentages between P and
NP genomes, and Figure 2B shows the comparison of accessory orthogroups percentages
between P and NP genomes. It appears that the P species group tends to have a higher
percentage of group-specific orthogroups (p-value = 0.06) but lower percentage of accessory
orthogroups (p-value = 0.0006) than NP genomes.

Investigating the protein lengths of different orthogroup classes in each species found
significant differences: Core orthogroups have the highest length, followed by group-
specific orthogroups, and shortest in accessory orthogroups for a majority (91 out of 92) of
the species (see Table S3 for wilcox.test p-values). However, the GC content did not show
very significant differences: In 57 out of 92 species core orthogroups have higher GC than
group-specific orthogroups, and in 39 out of 92 species group-specific orthogroups have
higher GC than accessory orthogroups (see Table S3 for wilcox.test p-values). These results
are consistent with previous studies, which showed that the less conserved orphan genes
in fungi and bacteria tend to have smaller sizes and lower GC content [29–31].

3.2. Species Phylogeny Reveals That Phytopathogenicity Is Not Phylogenetically Determined

Figures 3 and 4 depict the phylogeny (same in the two figures) for the concatenated
single-copy genes of all Ascomycota species included in our analysis (see Methods in
Section 2). Of the 92 Ascomycota species, 91 are of the subphylum Pezizomycotina,
and one of the subphylum Taphrinomycotina (Tapde1_1, used as the outgroup for other
species). According to the NCBI taxonomy, the 91 Pezizomycotina subphylum species can
be further divided into classes: 35 Dothideomycetes, 34 Sordariomycetes, 13 Leotiomycetes,
seven Pezizomycetes, one Xylonomycetes, and one Eurotiomycete, which are shown with
different background colors in the phylogeny.

Of all the species, the most distant in the analysis based on branch length (Figures 3 and 4)
were Taphrina deformans (JGI portal ID: Tapde1_1), Terfezia boudieri (Terbo2), Morchella importuna
(Morco1), Phaeomoniella chlamydospora (Phach1), and Xylona heveae (Xlyhe1). These species
are from the classes Pezizomycetes (Terbo2 and Morco1), Xylonomycetes (Xlyhe1), Euro-
tiomycetes (Phach1), and Taphrinomycotina (Tapde1_1) showing the largest phylogenetic
distance from other species in the analysis. This is consistent with current consensus phylo-
genies of fungi [32] which depicts these classes as generally smaller and more distant than
Dothideomycetes and Sordariomycetes.
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