
Supplementary Material to Recurrent Sequence Evolution Af-
ter Independent Gene Duplication

1 Supplementary Methods

1.1 Validation for Network Clustering

In the current study we predicted independent duplications from a network (see Integration of Quar-

tets in Networks in main paper). This approach was validated through manual tree reconstruction

for six gene families which were chosen because they had been previously proposed as examples

of recurrent subfunctionalization (Madbub and AP1-β/AP2-β, i.e. Dacks et al. 2008, Suijkerbuijk

et al. 2012) or because their copy number distribution hinted at multiple independent duplications

(Cox11/Mettl17, Bet1/Bet1l, Shmt1/Shmt2 and Tmem50a/Tmem50b). Cox11/Mettl17 actually

revealed a single pre-LECA duplication in the gene tree, thus serving as a control. From the six

gene trees, golden standard sets were constructed of paralog clusters that unambiguously derived

from the same duplication events. The Fk→2 statistic from Drew et al. (2017) was used to assess

the congruence of clusters obtained from networks with the golden standard sets. We did not use

Fgrand, k-clique (Drew et al. 2017), because it penalizes too heavily in cases where a large cluster

is complete except for one species. Seven clustering methods were tested: a simple edge thresh-

old, MCl (Markov Clustering algorithm), HCS (Highly Connected Subgraphs), label propagation,

community clustering with fastgreedy and walktrap approaches, and PEACE (Böcker et al. 2008).

For each of these, 101 different edge thresholds in the range [0.0, 1.0] were tested.

When D ≥ 0.667, nQ is per definition not the greatest of nQ, nS and nR, while D ≤ 0.5 gives

that Q is definitely in the majority of informative positions. Thus, we defined the threshold for

PEACE at θ = 0.6. Using the six families mentioned above, we confirmed that this threshold leads

to approximately the same duplications being identified as with manual gene tree reconciliation

(average Fk→2 = 0.88, only 0.7 < θ < 0.75 scored slightly higher, Fk→2 = 0.92). In reality, we use

Maximum Likelihood to find the most likely scenario out of Q, R and S (i.e. defined by wQ rather

than nQ). This approach produces more binary values of D, so that the results no longer depend

on the precise threshold anymore.

For the clustering of fates from a network, the above approach could not be employed since

we only had information of fates for Madbub. MCl was chosen (inflation = 10, expansion = 5,

no threshold), because it distinguished most Mad and Bub fates in Madbub (Fk→2 = 0.933) and

because it is a very commonly used clustering algorithm.
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1.2 Software

All scripts were written in bash, python, R or snakemake (Köster and Rahmann 2012). FigTree

v1.3.1 (Rambaut 2009), JalView v2 (Waterhouse et al. 2009) and Cytoscape v3.5.1 (Shannon et al.

2003) were used to look at trees, alignments and networks, respectively. Aligning was performed

with MAFFT v7.271 E-INS-i (Katoh and Standley 2013) or ClustalW v2.1 (Thompson et al. 2003),

trimming with trimAl v1.2 (Capella-Gutiérrez et al. 2009), duplication detection in quartets with

TREE-PUZZLE (Schmidt et al. 2002) and tree reconstruction with IQ-TREE v1.5.5 (Nguyen

et al. 2014). For PEACE, the C++ code provided by Böcker et al. (2008) was used. For Fk→2,

the python code from (Drew et al. 2017) was used. Figures were made with Inkscape (Harrington

2005) and TreeGraph v2.14 (Stöver and Müller 2010).
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2 Supplementary Figures

Figure 1: Identification of positions most consistent with recurrent fate prediction in Madbub. On the top, a
compressed alignment is shown for the duplicates involved in recurrent sequence evolution. On the bottom, the
summarizing sequence logo is shown. Colors denote the most frequently observed informative pattern (alignment)
and relative frequency of each pattern (sequence logo). Fates are ordered ABAB, so patterns in R here represent
the consistent signal while patterns in S represent the inconsistent signal. The N-terminal KEN box lights up in
yellow (ABAC), the kinase domain in pink (ABCB).
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Figure 2: Asymmetry in paralog differentiation (A = |t − u|) versus significance of asymmetry (ZA) for single and
independent duplication quartets (see Figure 3 in main paper). Disks are scaled by the number of positions that
support the fate differentiation (i.e. nR if R is the dominant fate differentiation). ZA is calculated in the same way
as ZF (see Methods in main paper):
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Figure 3: Asymmetry in paralog differentiation between single duplication quartets consisting of ohnologs (“WGD”)
and non-ohnologs (“Other”). In contrast to Figure 2, WGD quartets do not seem to have a different distribution of
asymmetry than Other quartets. WGDs contain more recently duplicated genes (smaller disks) and therefore fewer
WGD quartets obtain significant asymmetry than Other quartets.

Figure 4: Gene tree of Sco1/Sco2. Sequences were aligned with MAFFT (Katoh and Standley 2013) and
trimmed with TrimAl (Capella-Gutiérrez et al. 2009); tree was constructed with IQ-TREE using ModelFinder
(Kalyaanamoorthy et al. 2017) and rooted between fungi and all other eukaryotes. If multiple genes were almost
identical, only one was kept. Genes that were highly dissimilar to all other genes were also removed. Branches
corresponding to Sco1 or Sco2 are colored yellow or blue, respectively (following the general color scheme for fates).
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Figure 5: Gene tree of vma11/vma3. Sequences were aligned with MAFFT (Katoh and Standley 2013) and
trimmed with TrimAl (Capella-Gutiérrez et al. 2009); tree was constructed with IQ-TREE using ModelFinder
(Kalyaanamoorthy et al. 2017) and rooted between Unikonta and Bikonta (only TVAG or Trichomonas vaginalis
genes appear on the wrong side of the root). If multiple genes were almost identical, only one was kept. Genes that
were highly dissimilar to all other genes were also removed. Branches corresponding to vma11 or vma3 are colored
yellow or blue, respectively (following the general color scheme for fates). Duplicates that are only present in the
extended genome set are colored green to indicate that these may also represent sequences with the vma11 or vma3
fate. The two duplications in Kinetoplastida (see main text) are at the top.
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Figure 6: (a) Size (number of species) of all duplications in the dataset as a proxy for their age and (b) total
number of duplications versus number of recurrently evolving duplications (P ) per family. Most duplications that
we consider in our dataset (i.e. which are still retained in two copies) are taxon-specific. There is substantial
variation in the number of duplications per family.
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