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Abstract

Gene duplication is a major mechanism playing a role in the evolution of phenotypic complexity and in the generation of novel traits.

By comparing parasitic and nonparasitic nematodes, a recent study found that the evolution of parasitism in Strongyloididae is

associated with a large expansion in the Astacin and CAP gene families.

To gain novel insights into the developmental processes in the sheep parasite Strongyloides papillosus, we sequenced transcrip-

tomes of different developmental stages and sexes. Overall, we found that the majority of genes are developmentally regulated and

have one-to-one orthologs in the diverged S. ratti genome. Together with the finding of similar expression profiles between

S. papillosus and S. ratti, these results indicate a strong evolutionary constraint acting against change at sequence and expression

levels. However, the comparison between parasitic and free-living females demonstrates a quite divergent pattern that is mostly due

to the previously mentioned expansion in the Astacin and CAP gene families. More detailed phylogenetic analysis of both gene

families shows that most members date back to single expansion events early in the Strongyloides lineage and have undergone

subfunctionalization resulting in clusters that are highly expressed either in infective larvae or in parasitic females. Finally, we found

increased evidence for positive selection in both gene families relative to the genome-wide expectation.

In summary, our study reveals first insights into the developmental transcriptomes of S. papillosus and provides a detailed

analysis of sequence and expression evolution in parasitism-associated gene families.
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Introduction

Gene duplication is one of the major mechanisms involved in

the formation of new genes, leading to phenotypic complexity

and novel traits (Ohno 1970; Zhang 2003). Well-characterized

cases of evolution by gene duplication include the duplication

of opsin genes resulting in the formation of color sensitive

retina pigments (Dulai et al. 1999), optimization of oxygen

binding affinity of human beta-globin duplicates (Hurles

2004) and duplication of immunoglobulin genes in the verte-

brate adaptive immune system (Zhang 2003).

Genome sequencing of multiple nematode species has laid

the foundation for studying various aspects of genome evo-

lution, including gene duplication in one of the most species-

rich animal phyla (Rödelsperger et al. 2013). This includes

nematode-specific questions such as those associated with

the evolution of mating systems (Denver et al. 2011) and par-

asitism (Dieterich and Sommer 2009). In their groundbreaking

work on the phylogeny of nematodes, Blaxter et al. (1998)

suggested that parasitism evolved multiple times indepen-

dently in the phylum Nematoda. This pattern still holds true

even after deeper taxon sampling of the nematode phylogeny

(van Megen et al. 2009). Consequently, to gain further insight

into the evolution of parasitism at the genomic level, multiple

independent studies focusing on different nematode clades

and incorporating parasitic species, as well as nonparasitic

outgroups, are needed. However, only with the ability to gen-

erate numerous high-quality genome assemblies from next
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generation sequencing data, it became feasible to investigate

the genomic basis of parasitism at high phylogenetic resolu-

tion. A recent study in the Strongyloididae family of nema-

todes identified the CAP and Astacin gene families as primary

candidates for genes associated with parasitism (Hunt et al.

2016). These two families showed extreme duplication pat-

terns that coincided with the emergence of parasitism, and

they continued throughout speciation events that ultimately

resulted in different parasitic species infecting a wide range of

vertebrate hosts including humans. Even though the expan-

sion of CAP and Astacin gene families cannot be proven to be

the causative event leading to parasitism in Strongyloididae,

previous experimental studies have given hints on what role

these families may have during infection. CAP proteins are

cystine rich secretary proteins, functioning as immunomodu-

latory molecules in parasitic nematodes (Moyle et al. 1994).

Because of their inhibitory effect on neutrophil and platelet

activity, these proteins are considered to be a potential vaccine

candidate against hookworms (Moyle et al. 1994; Del et al.

2003; Hunt et al. 2016). On the other hand, Astacins are

metallopeptidases found in a variety of different species

(Park et al. 2010). Functional roles for Astacin proteases in

parasitic nematodes include host tissue penetration by infec-

tive L3s (Williamson et al. 2006), cuticle formation and ecdysis

(Gamble et al. 1996; Stepek et al. 2010, 2011, 2015), and

tissue digestion, penetration and migration (Gallego et al.

2005).

The identification of candidate genes associated with par-

asitism is of utmost importance for the development of po-

tential treatments, especially in a family of parasitic nematodes

such as Strongyloididae. The fact that gene duplications have

previously been reported to be associated with parasitism in

plants, arthropods, and trematodes (Yang et al. 2015; Clarke

et al. 2015; Cantacessi et al. 2012) further supports the nature

of CAPs and Astacins as strong parasitism-associated candi-

date genes.

In this study, we focus on the nematode Strongyloides

papillosus, a common gastrointestinal parasite of domestic

and wild ruminants (Jäger et al. 2005). S. papillosus has a

unique and complex life cycle that consist of parasitic and

free-living generations (Streit 2017; Viney and Lok 2015).

The adult parasites are only females and live in the mucosa

of the small intestine where they lay embryonated eggs that

pass with host feces. The parasitic female reproduces parthe-

nogenetically (clonal reproduction). The progenies of parasitic

females have two developmental choices: either to develop

directly into an all-female infective third stage (iL3) (direct or

asexual cycle) or to develop into facultative free-living males

and females (indirect or sexual cycle). The free-living genera-

tions mate and undergo sexual reproduction in the environ-

ment and all their progeny develop into iL3. The life cycle of S.

papillosus is illustrated in figure 1A. The alternating life cycles

between free-living and parasitic generations provide a unique

opportunity to apply available genetic and molecular tools for

a better understanding of the basic biology and evolution of

parasitism in Strongyloides (Streit 2017). Hunt et al. (2016)

reported draft genome sequences for four species of

Strongyloides and transcriptomic comparisons between para-

sitic and free-living stages for S. ratti and S. stercoralis but not

S. papillosus. To complement the work by Hunt et al. (2016),

we have sequenced and characterized ten transcriptomes that

were sampled throughout the development of S. papillosus.

Comparative transcriptomic analyses indicate a high degree of

conservation in developmental regulation across Strongyloides

species. Consistent with the results of Hunt et al. (2016), we

found that the CAP and Astacin gene families are strongly

enriched among genes that are differentially expressed be-

tween parasitic and nonparasitic stages. We undertook a de-

tailed analysis of the evolutionary history of both gene families

and correlated this with patterns of differential expression.

Altogether, these results will improve our knowledge of evo-

lutionary forces that facilitate the acquisition of parasitism in

animal parasitic nematodes.

Materials and Methods

Animals and Parasites Husbandry

All experiments were performed on the S. papillosus isolate

LIN, originally isolated from sheep and maintained in rabbits

(Eberhardt et al. 2007). Pathogen-free female rabbits (New

Zealand White) purchased from Charles River Laboratories

(Sulzfeld, Germany) were subcutaneously inoculated with

about 2000 infective larvae (iL3) in order to cultivate different

developmental stages of S. papillosus. Ten days postinfection

(p.i) the feces were collected overnight, mixed with saw dust

and cultured at 25 �C as described previously (Eberhardt et al.

2007). Worms of different developmental stages were iso-

lated after the times specified below using the Baermann

technique (Eberhardt et al. 2007). Stages 1 and 2 larvae (par-

asitic L1/L2) derived from parasitic adult females were isolated

after 8 h of culturing. Free-living adult males and females were

collected after 28 h of culturing. L1/L2, which were progenies

of free-living generations were collected after 48 h of cultur-

ing. To isolate iL3, the culture dishes were placed in larger

dishes with water (Eberhardt et al. 2007) and after 7 days of

culture the iL3s that had crawled into the water were col-

lected. These larvae were a mixture of iL3 from the direct

and the indirect cycles. The isolate LIN, when kept in rabbits,

has such a strong tendency towards the indirect cycle

(Eberhardt et al. 2007) that the majority of the iL3 were the

progeny of free-living animals. At 22 days after infection, the

rabbits were sacrificed to harvest the parasitic adults. The

small intestines were dissected from the rabbits, its contents

removed, slit longitudinally and carefully washed with PBS.

The cleaned intestinal tissues were spread inside down over

wire mesh placed on top of a Baermann funnel, filled with

phosphate-buffered saline (PBS) and incubated at 37 �C for
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3 h. The worms were then handpicked from the sediment of

the Baermann funnel, washed with PBS, counted and stored

at �80 �C in TRIzol reagent (Ambion Inc., USA).

Total RNA Extraction, RNA-Seq Libraries Preparations and
cDNA Synthesis

Frozen worms were homogenized by multiple freezes and

thawed with subsequent vigorous vortexing. Total RNA was

isolated with the standard TRIzol extraction method following

the manufacturer’s instructions (Ambion Inc., USA). The integ-

rity of the RNA was verified by gel electrophoresis and the

concentration was measured by a Qubit fluorimeter

(Invitrogen Life technologies, USA). RNA-seq libraries were

prepared using TruSeq RNA library preparation kit v2

(Illumina Inc., USA) according to manufacturer’s instructions

of 1mg of total RNA in each sample. The concentration of each

adult
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embryo embryo

L1 # L1 #

L2 #

L3 L3

L4
L4
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FIG. 1.—The life cycle of S. papillosus. (A) The life cycle of S. papillosus consists of free-living and parasitic stages. Parasitic worms are female only. Within

the host, parasitic females reproduce clonally. Their female offspring can either develop directly into infective larvae (iL3) or develop into facultative free-living

females that reproduce sexually with males (indirect cycle). Their progeny develops into iL3. Stages for which transcriptomes were sequenced are labeled with

#. (B) The schematic tree shows the phylogenetic relationships between different Strongyloides species (Hunt et al. 2016). The species that are subject of this

study are highlighted by a box.
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library was measured by Qubit and Bioanalyzer (Agilent

Technologies, USA) and then normalized to 5 nM. The sam-

ples were sequenced as 150 bp paired ends in one multiplexed

lane using HiSeq2000 platform (Illumina Inc., USA) in an in-

house genome facility.

Analysis of Sequencing Data

Sequencing reads were preprocessed using Trimmomatic

(Bolger et al. 2014) to remove adapters and trim low quality

reads. The preprocessed reads were aligned to the S. papillo-

sus reference genome (PRJEB525) using Tophat version 2

(Trapnell et al. 2009), followed by expression level estimation

using Cufflinks2 (Trapnell et al. 2012). Differentially expressed

genes were identified for all possible pairwise comparisons of

samples using Cuffdiff (Trapnell et al. 2012). Genes with log2

fold change greater than 1 or less than �1 and with false

discovery rate (FDR) corrected P value <0.05 were treated

as differentially expressed. For differential expression analysis

by Cuffdiff, available biological replicates (table 1) were

grouped together.

Orthologous Clustering and Protein Domain Annotation

In order to determine the homology relationship of S. papillo-

sus genes, we downloaded S. ratti (PRJEB125) and S. vene-

zuelensis (PRJEB530) gene annotations from WormBase

(WBPS4) and classified genes into different homology classes

using orthoMCL (Li 2003).

Protein domains of S. papillosus protein sequences were

annotated using the hmmsearch program in combination

with the PFAM domain database obtained from HMMER

package (Version 3.0). Domain enrichment analysis of differ-

entially expressed genes was done in R and Fisher’s exact test

was used to test for statistical significance (FDR-corrected

P value<0.05).

Phylogenetic Analysis

Multiple sequence alignments were generated using Clustal

omega (Sievers et al. 2014). Individual sequences showing

only spurious alignments were removed using trimAl

(Capella-Gutiérrez et al. 2009). Prottest (Darriba et al. 2011)

was used to identify the best substitution model for tree re-

construction. Phylogenetic trees were generated with the help

of the Phangorn R package (Schliep 2010). Interactive tree of

life web server (Letunic and Bork 2011) was used to display

the differential gene expression information of all comparisons

for Astacin and CAP genes with the phylogenetic tree. We

used CODEML program from the PAML v4.8 (Yang 2007)

package to estimate the sequence evolutionary rates and to

test for positive selection. Evidence for positive selection was

assessed using the site models m7, m8 and m8a. All the

models assume different o values between sites. Alignment

sites are divided into ten (m7) or 11 (m8, m8a) classes. Model

m7 assumes that all classes of sites are either neutrally evolving

or negatively selected (o� 1). Models m8 and m8a add one

explicit class of sites with o> 1 (m8) and o= 1 (m8a). We

compared the model m8 versus m7 and m8a, respectively,

and defined as evidence for positive selection if both the m7

and m8a models could be rejected over m8 in a likelihood

ratio test with P value<0.01.

Identification of Conserved Developmental Regulation

In order to combine expression data with phylogenetic data

and test for conservation of developmental regulation, we

arbitrarily chose two large gene families, G-protein coupled

receptors (GPCRs) and Neurotransmitter-gated ion channel

(NGIC), for closer investigation. Both families are significantly

enriched in various pairwise comparisons of different develop-

mental stages (supplementary figs. S1 and S2, Supplemental

Material online). In order to compare our S. papillosus data

Table 1

Sample Information Table

Developmental Stages Number of

Biological

Replicates

Sample

Name

Replicate 1

Sample

Name

Replicate 2

ENA

Sample id

Replicate 1

ENA

Sample id

Replicate 2

Parasitic females 1 Parasitic female ERS1214240

Free living Females 2 Free living female rep1 Free living female rep2 ERS1214234 ERS1214235

Free living males 2 Free living male rep1 Free living male rep2 ERS1214236 ERS1214237

Free living L1/L2

(Free-living mother

derived L1/L2)

2 Free living L1/L2 rep1 Free living L1/L2 rep2 ERS1214232 ERS1214233

Infective larvae L3 2 iL3 rep1 iL3 rep2 ERS1214238 ERS1214239

Parasite L1/L2

(Parasitic mother

derived L1/L2)

1 Parasitic L1/L2 ERS1214241

NOTE.—General information about the sequenced developmental stages, number of biological replicates, sample names used in the main text and European nucleotide
archive (ENA) accession id.
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with expression data from S. ratti, we obtained differentially

expressed genes in the corresponding stages for S. ratti from

Hunt et al. (2016) and reconstructed NGIC (fig. 3) and GPCRs

(supplementary fig. S4, Supplemental Material online) gene

trees using sequences from S. ratti and S. papillosus. Here,

we restricted the pairwise comparison to three stages: free-

living female, parasitic female and iL3 stage, because the

data for S. ratti (Hunt et al. 2016) were available only for

these stages. Phylogenetic analysis of these two gene families

shows that one-to-one orthologs from S. papillosus and S. ratti

are grouped together in both gene trees, supporting the cor-

rectness of our approach for assigning orthologous classes.

Results

The Majority of S. Papillosus Genes are Developmentally
Regulated

In order to get insights into the developmental processes in

S. papillosus, we sequenced ten S. papillosus transcriptomes

that were sampled throughout the development of male and

female nematodes (table 1). Principal component analysis of

the estimated expression levels indicates that 55% of variation

can be explained by the first two principal components (fig.

2A). The ten transcriptomes group into four clusters: young

larvae (L1/L2), infective larvae (iL3), adult males and adult fe-

males (including parasitic and free-living). This indicates that

variation between different developmental stages and sexes is

considerably larger than variation between biological replicates

(fig. 2A). Therefore, we conclude that the sequenced transcrip-

tomes robustly capture gene expression profiles during the de-

velopment of S. papillosus. By performing differential gene

expression analysis in a pairwise manner, we found that the

number of differentially expressed genes vary widely from

0.2% (parasitic L1/L2 vs. free-living L1/L2) to 45% (iL3 vs. par-

asitic female stage) (fig. 2B). Overall, 73% of S. papillosus genes

are found as significantly differentially expressed (FDR-corrected

P value<0.05) in at least one comparison. When focusing on

the comparison between free-living and parasitic females, we

found that only 10% of genes were differentially expressed and

4.4% (917) of genes are up-regulated in parasitic females. This

relatively small set of infection-associated genes is consistent

with previous data from Hunt et al. (2016), which posited

that 909 and 1188 genes were up-regulated in parasitic fe-

males in S. ratti and S. stercoralis respectively.

High Degree of Conservation in Developmental
Transcriptomes across Strongyloides Species

As we have previously observed a strong trend of ancient

duplications to have increased gene dosage of developmen-

tally regulated genes in the nematode Pristionchus pacificus

(Baskaran et al. 2015), we wanted to test whether this also

holds true in the comparison between S. ratti and S. papillo-

sus. Thus, we first classified the differentially expressed genes

into four different classes (Li 2003) based on their orthology

relationships with S. ratti: one-to-one orthologs (N = 9302

genes) with one gene per species, 6428 S. papillosus genes

with many-to-X relationships (many-to-many, many-to-one,

many-to-zero), S. papillosus genes with one-to-many relation-

ship in S. ratti (N = 82), and S. papillosus singletons (N = 2483)

without any closely related gene either in S. papillosus or in S.

ratti. Next, we tested whether genes that are identified as

being differentially expressed in particular comparisons tend

to be a result of duplication events since the separation from

the S. ratti lineage. In contrast with previous results from the

comparison between P. pacificus and C. elegans, which rep-

resents a much larger evolutionary distance (Baskaran et al.

2015), we found that in Strongyloides, the majority of gene

sets identified by pairwise comparisons shows a significant

enrichment of one-to-one orthologs (FDR-corrected P

value<0.05, Fisher’s exact-test, fig. 2C). One notable excep-

tion is the genes that are differentially expressed between

free-living females and parasitic females. This set is signifi-

cantly enriched in genes that have undergone duplications

in the S. papillosus lineage (many-to-X).

Given the substantial divergence between S. papillosus and

S. ratti, (fig. 2E, inset) and widespread evidence for negative

selection (o< 1, fig. 2E), we further tested whether the con-

servation is also reflected at the level of expression. Visual

inspection of phylogenetic trees (fig. 3 and supplementary

fig. S3, Supplemental Material online) in combination with

expression data for two large gene families, GPCRs and

NGIC, shows that most genes in both gene families are

indeed one-to-one orthologs and that expression profiles are

indeed very similar. This implies that in addition to the high

level of sequence conservation, as shown by the enrichment

of one-to-one orthologs and a strong signature of negative

selection (o< 1), the expression profiles between the two

species are also highly conserved.

Astacin and CAP Gene Families Are Overrepresented
among Genes with High Expression in Parasitic Stages

In order to further characterize the identified gene sets, we

performed protein domain enrichment analysis (see Materials

and Methods). In total, we found 221 gene families that are

significantly enriched in at least two comparisons. Protein ki-

nases (PF00069), HSP20 (PF00011), Motile sperm domain con-

taining proteins (PF00635), Collagens (PF01391), different

subfamilies of GPCRs, and a few other families are significantly

enriched inmore thanfivecomparisons (supplementaryfigs.S1

and S2, Supplemental Material online). In agreement with the

finding of Hunt et al. (2016) based on data from S. ratti and S.

stercoralis, we find the Astacin (PF01400) and CAP (PF00188)

gene families to be the most significantly enriched among

genes up-regulated in parasitic females in comparison with

free-living females (P< 10�20, Fisher’s exact-test, fig. 2D).

Apart from the enrichment of members of these two gene

Baskaran et al. GBE

794 Genome Biol. Evol. 9(3):790–801. doi:10.1093/gbe/evx040 Advance Access publication March 2, 2017

Deleted Text: <italic>p</italic>
Deleted Text: g
Deleted Text: a
Deleted Text: d
Deleted Text: r
Deleted Text: -
Deleted Text: &thinsp;
Deleted Text: d
Deleted Text: c
Deleted Text: d
Deleted Text: t
Deleted Text: s
Deleted Text:  
Deleted Text: -
Deleted Text: '
Deleted Text: g
Deleted Text: f
Deleted Text: a
Deleted Text: o
Deleted Text: g
Deleted Text: h
Deleted Text: e
Deleted Text: p
Deleted Text: s
Deleted Text: '


Free−living female rep1

Free−living female rep2

Parasitic female

iL3 rep1

iL3 rep2

Free−living L1/L2 rep1
Free−living L1/L2 rep2

Parasitic L1/L2

Free−living male rep1
Free−living male rep2

−50

0

50

−100 −50 0 50 100 150
PC1 (32.3% explained var.)

P
C

2 
(2

3.
3%

 e
xp

la
in

d
 v

ar
.)

0.00

0.25

0.50

0.75

1.00

S.papillosus
vs

S.ratti

S.papillosus
vs

S.venezuelensis

E
vo

lu
ti

o
n

ar
y 

ra
te

(d
N

/d
S

)

6.8%
5.8%

0.2%

16.7%
16.9%

16.3%
13.2%

4.1%
2.5%

10.8%
9.9%

21.5%
22.4%

17.9%
17.1%

7.3%
12.5%

21.3%
21.2%

22.6%
22.5%

16%
17%

4.2%
5.8%

4.4%
5.9%

Free−living L1/L2 vs Free−living female

Parasitic L1/L2 vs Free−living L1/L2

Parasitic L1/L2 vs Free−living female

Free−living male vs Parasitic L1/L2

Free−living male vs Free−living L1/L2

Free−living male vs Free−living female

iL3 vs Free−living male

iL3 vs Parasitic L1/L2

iL3 vs Free−living L1/L2

iL3 vs Free−living female

Parasitic female vs iL3

Parasitic female vs Free−living male

Parasitic female vs Free−living L1/L2

Parasitic female vs Free−living female

010002000300040005000

Number of differentially expressed genes

0.5 0.8 1.7 0.9

1.5 1.2 0.5 0.6

1.5 1.8 0.5 0.5

1.6 1.1 0.4 0.4

1.1 1.1 1 0.9

1.2 1.2 0.8 0.6

0.8 2.6 1.4 0.7

1.4 2.3 0.6 0.6

1.1 1.8 1 0.6

1.4 1.6 0.6 0.7

1 0.9 0.9 1

1.1 1.9 1 0.6

1.5 1.4 0.5 0.6

Free−living L1/L2 vs Free−living female

Parasitic L1/L2 vs Free−living female

Free−living male vs Parasitic L1/L2

Free−living male vs Free−living L1/L2

Free−living male vs Free−living female

iL3 vs Free−living male

iL3 vs Parasitic L1/L2

iL3 vs Free−living L1/L2

iL3 vs Free−living female

Parasitic female vs iL3

Parasitic female vs Free−living male

Parasitic female vs Free−living L1/L2

Parasitic female vs Free−living female

1:1 1:many snotelgniSX:ynaM Enrichment No enrichment

Down Up

A

B

C

E

Abhydrolase_3

Astacin

CAP

COesterase

CUB

Cystatin
DUF290
F-box-like

Gp-FAR-1

HSP20

Lipase_3MATH

10

20

4 5 6 7
Enrichment

-l
o

g
1
0
 p

.v
a
lu

e
 (

F
D

R
)

D

0

2

4

6

S.pap.
vs

S.ratti

S.pap. 
vs

S.ven.

S
d

FIG. 2.—Comparison of S. papillosus developmental transcriptomes. (A) Principal component analysis of expression values shows a subdivision of

transcriptomes into distinct clusters that are defined by developmental stage and sex. (B) Numbers of significantly differentially expressed genes (FDR-

corrected P value <0.05) for each comparison. (C) Overrepresentation analysis of distinct orthology classes reveals that most comparisons are enriched in

one-to-one orthologs. Dark blue color indicates significant enrichment (FDR-corrected P value<0.05 and enrichment value>1). The number inside each cell

represents the enrichment value. (D) Enrichment of protein domains (PFAM) among genes up-regulated in parasitic females in comparison with free-living

females (FDR-corrected P value <0.05 and enrichment value >1). (E) Box plot representation of the evolutionary rates of one-to-one orthologous genes as

measured in dN/dS (o) across two different species comparisons. Both comparisons show that one-to-one orthologous genes are under strong purifying

selection. The inlay shows age of one-to-one orthologous genes as measured in dS (synonymous substitutions rate). Median dS of S. papillosus–S.

venezuelensis one-to-one orthologs is< 1, indicating that number of synonymous substitutions is not saturated.

Analysis of Sequence and Expression Evolution in Parasitism-Associated Gene Families GBE

Genome Biol. Evol. 9(3):790–801. doi:10.1093/gbe/evx040 Advance Access publication March 2, 2017 795



families in the parasitic female stage, we also found a

considerable number of Astacin and CAP genes up-regulated

in iL3.

Individual Expansion Events in the Strongyloides Lineage
Gave Rise to Most Astacins and CAP Genes

To complement the previous findings of Hunt et al. (2016)

with a more detailed analysis of the evolutionary history of

CAP and Astacin gene families, we reconstructed phyloge-

netic trees for both families and integrated the newly acquired

S. papillosus expression data (figs. 4 and 5, respectively). Both

phylogenies show that most genes fall into S. papillosus spe-

cific subtrees. Similarly, C. elegans paralogs also cluster in

lineage-specific subtrees, indicating that there is a trend for

duplication of these families even in nonparasitic nematode

lineages. Interestingly, the few S. papillosus Astacin genes that

appear to have one-to-one orthologs in C. elegans (nas-36,

dpy-31, nas-37, nas-33, nas-30, toh-1, hch-1 in fig. 5) show

quite unique expression profiles, suggesting that these profiles

are tightly regulated and are highly dosage sensitive (fig. 5).

Although the bootstrap support for a single expansion of CAP

genes giving rise to almost all extant members of this family is

weak (52/100), there is one branch with a support of 96/100

replicates that contains 97 (59%) of CAP genes (fig. 4). For

Astacins, we indeed found one highly supported branch that

gave rise to 193 (97%) of all genes in this gene family (fig. 5).

FIG. 3.—Gene expression and sequence evolution of NGIC gene family. Phylogenetic tree of NGIC genes from S. papillosus (Brown) and S. ratti (black).

Heat map around the phylogenetic tree indicates differential expression pattern of each gene in three different comparisons. In the Heatmap, up-regulation,

down-regulation and no change are shown in blue, red and white, respectively. This tree shows that a majority of one-to-one orthologs in NGIC gene family

have similar expression patterns in S. papillosus and S. ratti. Dots indicate internal nodes with 100/100 bootstrap support.
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Two Major Patterns Dominate Expression Profiles of
Astacins and CAP Genes

Visual inspection of the differential expression patterns across

both families reflects the above-mentioned finding that most

genes either show high expression in parasitic females or in iL3.

These two patterns dominate the general picture of expression

profiles and comparison with the gene tree reveals a strong

phylogenetic signature in the expression profiles, that is, most

iL3 specific genes cluster in a specific subtree while genes with

high expression in parasitic females cluster in a different subtree

(see supplementary figs. S4 and S5, Supplemental Material

online for phylogenetic trees with all bootstrap support values

included). Even though we are far from understanding the roles

of Astacins and CAP genes in Strongyloides parasites, our anal-

ysis strongly indicates that mutually exclusive groups of Astacins

and CAP genes play a role in the stage where parasites infect

the host and in the stage where adult parasites proliferate

within the host. This clearly demonstrates the mechanism of

subfunctionalization in both gene families.

FIG. 4.—Gene duplication inCAPgenefamily.Phylogenetic tree reconstructedusingCAPgenesaminoacidsequencefromS.papillosus (redbranches),C.

elegans (blue branches) and Drosophila Sp. (purple branches). The Tree shows lineage-specific expansion of CAP genes in the Strongyloides lineage. Due to

poor visibility, onlybootstrapvalues thatare relevant forouranalysis are shown.Bootstrapsupport forall branchesof the tree is shown in supplementaryfigure

S5, Supplemental Material online. The color patterns and symbols for each S. papillosus gene were generated by testing sequence evolution and differential

expression. Thegreen gradient indicates the sequence evolutionary rateas measured indN/dS (o). The star symbol indicates the evidence for positive selection

in thegene sets. Theheatmapofblue, redandwhite shows thedifferential expressionpattern for eachS. papillosus genebasedon thepairwise comparisonof

all sequenced developmental stages. Up-regulation, down-regulation and no change in gene expression are shown in blue, red and white, respectively.
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Increased Evidence of Positive Selection in CAP and
Astacin Gene Families

Finally, we wanted to test whether the adaptation to novel

hosts is paralleled by increased evidence for positive selection.

As the divergence between S. papillosus and S. ratti indicates

that synonymous substitutions are already saturated (more

than one substitution is expected per synonymous site, fig.

2E inset), we identified orthology clusters with the more

closely related S. venezuelensis (Hunt et al. 2016) and

screened all orthologous clusters with more than two genes

for positive selection. More precisely, we performed a likeli-

hood ratio test to decide whether a model including a number

of sites witho> 1 explains the alignments better than models

with either only negative or neutral selection (see Materials

and Methods). Overall, we found 28 (67%) and 14 (58%) of

orthologous clusters in Astacin and CAP families, respectively,

with evidence for positive selection. This represents a strong

FIG. 5.—Gene duplication in Astacin gene family. Phylogenetic tree of Astacins from S. papillosus (red branches), C. elegans (blue branches) and

Drosophila Sp. (purple branches). The tree shows lineage-specific expansion of CAP genes in the Strongyloides lineage. A complete tree with labels indicating

bootstrap support for all branches of the tree is shown in supplementary figure S6, Supplemental Material online. The color patterns and symbols for each S.

papillosus gene were generated by testing sequence evolution and differential expression. The green gradient indicates the sequence evolutionary rate as

measured in dN/dS (o). The star symbol indicates the evidence for positive selection in the gene sets. The heatmap of blue, red and white shows the

differential expression pattern for each S. papillosus gene based on the pairwise comparison of all sequenced developmental stages. Up-regulation, down-

regulation and no change in gene expression are shown in blue, red, and white, respectively.
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enrichment when compared with all other clusters tested

(N = 943), of which only 21% showed evidence for positive

selection (FDR-corrected P value<0.05, Fisher’s exact test).

Discussion

The expansion of Astacin and CAP gene families in

Strongyloididae has been recently identified as the most ex-

treme genomic feature distinguishing parasitic and nonpara-

sitic lineages within this clade of nematodes (Hunt et al. 2016).

In this study, we complemented previous work by sequencing

and analyzing the developmental transcriptome of the para-

sitic nematode S. papillosus. This first characterization of de-

velopmental transcriptomes from S. papillosus showed that

the majority of S. papillosus genes are developmentally regu-

lated, and, in addition, most of them have one-to-one ortho-

logs in S. ratti. Furthermore, the new transcriptomic data

allowed us to gain some insights into the evolution of gene

expression in the Strongyloides lineage, which has not been

the focus of the previous study by Hunt et al. (2016). Our

comparative transcriptomic analysis shows remarkably similar

expression between orthologous gene pairs (fig. 3). Given the

substantial divergence between the species, this indicates a

high degree of evolutionary constraint acting at sequence and

expression level. This high degree of conservation is in contrast

to our previous study comparing the developmental transcrip-

tome of P. pacificus with C. elegans, in which most develop-

mentally regulated genes are derived from ancient gene

duplications (Baskaran et al. 2015). In our opinion, this dis-

agreement is most likely due to the vastly different evolution-

ary distances between the two comparisons. Consistent with

the observation that different timescales will reveal quite dis-

tinct evolutionary patterns, we found that even in P. pacificus

there is wide-spread evidence for selection against copy

number variation when comparing different strains of the

same species (Baskaran and Rödelsperger 2015). This micro-

evolutionary picture of P. pacificus is much more similar to our

current analysis comparing developmental transcriptomes of

S. papillosus and S. ratti.

In light of the generally high evolutionary constraint acting

on sequence and expression levels, the divergent patterns in

the comparison between free-living and parasitic females can

be speculated to represent signatures of adaptive events in

response to discrete and continuous changes in the environ-

ment, such as host switches and adaptation of the host

immune response. This is further supported by the increased

evidence for positive selection in Astacins and CAP genes,

which are most significantly enriched in the comparison be-

tween free-living and parasitic females. The finding of in-

creased evidence for positive selection in these two gene

families also distinguishes our work from the study by Hunt

et al. (2016), which mainly used the gain of Astacins and CAP

genes in parasitic species in comparison to the nonparasitic

outgroup together with the enrichment of these gene families

among genes that are upregulated in parasitic relative to

nonparasitic females as argument to advertise the patterns

observed in these two families as “genomic basis of

parasitism.”

Together with initial evidence from experimental evolution

studies supporting a strong adaptive potential of gene dupli-

cations in nematodes (Farslow et al. 2015), our results suggest

that despite its generally conservative nature, evolution can

be, under certain circumstances, extremely fast. If gene dupli-

cations have an adaptive potential, for example, increase the

ability of Strongyloides nematodes to infect their host, it is

much more likely that this will increase the probability of

their retention. Thus, it could be possible that the strongly

divergent patterns which dominate comparisons of distantly

related species, such as between P. pacificus and C. elegans

(Baskaran et al. 2015) or between S. stercoralis and C. elegans

(Stoltzfus et al. 2012), reflect the evolutionary history of mul-

tiple adaptive events. The alternative scenario that most of

these changes can be explained by neutral events (e.g., ge-

netic drift and demographic effects) appears less likely, as the

overwhelming picture of several recent studies of genome

evolution in nematodes seems to be that selection generally

acts against change in protein-coding regions (Rödelsperger

et al. 2014, Baskaran and Rödelsperger 2015, this study). We

would further like to point out that recent studies of pheno-

typic evolution indicate towards much stronger selection than

what was traditionally assumed by population genetic models

(see Messer et al. [2016] for review). The overall evolutionary

slower rates of phenotypic evolution at larger timescales sug-

gest that selection on certain phenotypes may often fluctu-

ate in direction. In the case of Strongyloides parasites,

fluctuating direction of selection could consist of different

host haplotypes encoding for immune response genes that

may change in the frequency within the population. If indi-

vidual gene duplicates would yield different capabilities to

overcome specific host immune systems, loss of certain host

immune response haplotypes would make certain gene du-

plicates obsolete and could also explain the higher rate of

gene loss in Astacins and CAP genes as observed by Hunt

et al. (2016). Thus, despite the extremely limited knowledge

about the actual function of individual members of these

two families, our study strongly supports the role of

Astacin and CAP gene families as prime candidates for gain-

ing mechanistic insights into the infection process and to

study its variation across different hosts.
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