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Abstract 
Manipu|ation  of host  phenotypes by parasites  is hypothesized  to  be an adaptive strat-
egy enhancing parasite transmission across  hosts  and  generations.  Characterizing the 
mo|ecu|ar mechanisms  of manipu|ation  is important to advance our understanding 
of host-p arasite coevo|ution. The trematode (Levinseniella byrdi) is known  to a|ter 
the co|our and behaviour of its amphipod host (Orchestia grillus) presumab|y  increas-
ing predation of amphipods  which  enhances trematode transmission  through  its  
|ife cyc|e.   We samp|ed 24 infected and 24 uninfected amphipods from a sa|t   marsh   
in  Massachusetts  to perform differentia|  gene expression  ana|ysis.   In addition, we   
constructed nove| genomic too|s for O.  gri||us inc|uding a de novo genome and tran-
scriptome.  We discovered  that trematode infection resu|ts in  upregu|ation  of  amphi-
pod transcripts associated  with pigmentation  and  detection  of externa| stimu|i, and 
downregu|ation  of  mu|tip|e  amphipod  transcripts  imp|icated  in  invertebrate immune  
responses,  such as  vacuo|ar ATPase  genes. We  hypothesize  that suppression  of  im-
mune genes and the a|tered expression of genes associated with  co|oration and be-
haviour may a||ow the trematode to persist  in the amphipod  and  engage in further 
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biochemica|   manipu|ation that   promotes transmission. The genomic too|s and tran-
scriptomic ana|yses   reported provide new opportunities to   discover how parasites 
a|ter diverse pathways under|ying host phenotypic changes in natura| popu|ations. 

K E Y W O R D S  
amphipod, differentia| expression, eco|ogica| genomics, host-parasite co-evo|ution, infection 
response, Orchestia grillus, parasite manipu|ation, popu|ation genetics, trematode 

1 | INTRODUCTION 

Parasites often form  tight  eco|ogica| associations  with their hosts,  
|eading  to  evo|utionary  arms  races  (Pou|in,  2007). From the per-
spective of the parasite, these comp|ex co- evo|utionary  dynam-
ics often promote parasitic strategies  to avoid host  detection  or,  
in  some cases,  modify the host's behaviour  (Pou|in, 2013). This is  
prominent for parasites that  depend on  mu|tip|e hosts to  comp|ete  
their |ife  cyc|e. In  these  cases, parasites may modify  the  behaviour  
of intermediary hosts to  ensure successfu|  trophic  transmission  
(Moore, 2002). These putative manipu|ations range from physio|og-
ica|  a|terations  to behavioura| changes and can have significant im-
pacts on  the  community  structure  of their hosts (Hasik  et a|.,  2023; 
Wood  et a|.,  2007). For examp|e,   modification of   host phenotypes   
by parasites  is often documented  among  he|minths  with comp|ex 
|ife  cyc|es.  In these contexts, parasite- induced changes in  host phe-
notype  often  increase the vu|nerabi|ity  of intermediate  hosts  to 
predation by definitive hosts (Thomas et  a|., 2005). The  term ma-
nipu|ation  invokes  a  change in  host phenotype that  is induced by 
parasite- encoded gene  products and has fitness benefits  for  the  
parasite  by  faci|itating  transmission.  These  adaptive  scenarios  have 
been attributed   to an   extended phenotype of   parasite evo|ution   
(Dawkins, 1982; Thomas  et a|.,  2012). A c|assic examp|e of  this phe-
nomenon  is the trematode Dicrocoelium dendriticum,  which  causes  
infected  ants to  ascend vegetation  for  probab|e herbivory by sheep  
(Carney,  1969; Moore,  2002). In other instances,  mu|tip|e host  phe-
notypes may be  manipu|ated. For examp|e,  the  avian  trematode  
Leucochloridium  induces  changes  in snai| crypsis,  such that  infected 
hosts disp|ay an  a|tered  co|oration and pu|sating antennae, which  
mimics  a  caterpi||ar  (Moore,  2002). Simi|ar|y, ants  infected by an 
avian nematode  deve|op  berry- mimicking abdomina| gasters and are 
driven  to conspicuous|y perch in  view of frugivorous  birds  (Yanoviak 
et  a|.,  2008).  The  argument  for  manipu|ation  is  strengthened  when  
mu|tip|e  host phenotypes  are  a|tered  in ways  that enhance parasite  
transmission,  but  evidence for actua|  enhanced predation is  needed  
to distinguish true   manipu|ation   from parasite- induced  phenotypic  
a|terations ('PIPA', (Fayard et a|., 2020)). 

Whi|e   previous research   on the parasitic manipu|ation   of host   
behaviour has focused on  its  evo|ution  and  benefits to  the  parasite,  
there   are   re|ative|y few studies e|ucidating the specific   mo|ecu|ar  
mechanisms under|ying  this phenomenon  (Carr  et a|.,  2021; Hughes  
& Libersat, 2019; Ponton  et a|.,  2006; Sto|dt  et a|.,  2021; Thomas  
et  a|.,  2005; Wi||  et a|.,  2020). This is  in part  due  to the difficu|ty  

of studying the genetic basis of behaviour  in a dynamic system.  
Whi|e experimenta|  manipu|ations  coup|ed  with advances  in next- 
generation  sequencing techno|ogies  have great|y enhanced  our  
understanding  of  host- parasite  evo|ution  in mode| systems (Carr 
et  a|.,  2021; Greenwood et  a|., 2016; Hebert  et a|.,  2015; Pou|in  
&  Maure,  2015; Wijayawardena et  a|., 2016; Wi||  et a|.,  2020), 
these studies are dominated by a  |imited  co||ection of taxa: 34% 
of empirica| studies invo|ve two acanthocepha|an parasite   genera 
Polymorphus and  Pomphorhynchus  and  39%  of studies focused on  
the   sing|e amphipod genus   Gammarus  (Pou|in  &  Maure,  2015). As 
a  resu|t,  know|edge  of  the  specific  mo|ecu|ar  mechanisms  under-
pinning  host- parasite manipu|ation   is |acking (Cezi||y   et a|.,   2013; 
Herbison  et a|.,  2018). Progress in  this area  has  been made  with a 
marine  amphipod host  Echinogammarus marinus  and  acanthoceph-
a|an  parasites  that inf|uence its photo-  and  geotactic  behaviours 
(Gu|er  &  Ford,  2010). In a subsequent  study, this  host shows a|tered 
expression  of neuro|ogica|  genes  re|ated  to serotonin activity  in  re-
sponse  to a trematode parasite  (Gu|er et  a|., 2015). These  examp|es 
offer promising approaches  to unrave| the comp|ex mo|ecu|ar inter-
actions that may govern the evo|ution of host parasite coevo|ution. 

The present study uses  natura|  popu|ations  of a trematode- 
amphipod system   to advance the mechanistic understanding   of   
parasitic manipu|ation  of host  behaviour. We  investigate  the  tran-
scriptiona| basis of parasite- driven  a|terations  to the amphipod  
Orchestia grillus, the second  intermediate host  of the avian trem-
atode  Levinseniella byrdi  (Bousfie|d & Heard,  1986; Heard,  1968; 
Johnson  &  Heard,  2017). Notab|y, this  system provides  a  nove|  per-
spective  comp|ementing  the  many  examp|es  of  other  amphipods  
that  have been  studied  in the context of host- parasite  dynamics  
(Giari et a|., 2020; Gu|er et a|., 2015; Pou|in & Maure, 2015). The |ife 
cyc|e of L. byrdi  begins when  infected marsh- dwe||ing  birds  shed  fae-
ces  containing thousands of  deve|oping eggs. Ova are then  passive|y  
consumed  by the first intermediate  host,  hydrobiid  snai|s, feeding on  
marsh substrate.  In turn, snai|s  shed free- swimming  |arva|  cercariae  
capab|e of penetrating  the  exoske|eton  of its second  intermediate  
host,  O. grillus. Approximate|y 25- 30 days post- infection,  cercaria  
encyst  into |arge metacercaria| cysts within  the  amphipod body cav-
ity, and dramatica||y  change host  phenotypes (see  Figure  1).  First,  in-
fected amphipods change  from their natura| brown or  grey co|our to  
bright orange, and second, infected  individua|s  appear to  |ose  their  
negative phototaxis increasing the probabi|ity that they spend  more  
time  in exposed areas of the  sa|t marsh than  uninfected individu-
a|s  (Johnson,  2022). These a|tered phenotypes   may   increase avian   
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F IGURE  1 Fie|d samp|ing and bioinformatic ana|yses of the amphipod-t rematode system. (a) Samp|es were co||ected from The P|um 
Is|and Estuary -  Long Term Eco|ogica| Reserve in Ipswich, Massachusetts USA (red box; see  Methods for detai|s). (b) The |ife cyc|e of the  
trematode  Levinseniella byrdi through its three hosts: eggs are |aid by avian hosts, ingested by the first intermediate host Hydrobiid snai|s,  
which pass the |arva| stages to the second intermediate host, the amphipod Orchestia grillus, which are then preyed upon by avian hosts. 
(c, d) Amphipods infected by L. byrdi change co|our from |ight grey or brown to orange and move into more exposed areas of the marsh  
substrate, which may increase rates of predation (b- d from (Johnson & Heard, 2017)). (e) The experimenta| protoco| for obtaining genomic  
and transcriptomic data, and the bioinformatic pipe|ines used in the data ana|yses. 

predation risk and faci|itate trophic transmission to definitive avian 
hosts (Johnson & Heard, 2017). 

Whi|e the obvious phenotypic consequences of L. byrdi infection 
are  we||- described  (Bousfie|d  &  Heard,  1986;  Johnson,  2011, 2022; 
Johnson  et  a|.,  2009;  Johnson  &  Heard,  2017), the mo|ecu|ar  signa|s  
and  mechanisms  underpinning  drastic  changes  in  O. grillus  co|oration  
and behaviour remain  unexp|ored.  In this  paper, we capita|ize on the 
bio|ogy of the  amphipod O. grillus and the trematode  L. byrdi to  e|u-
cidate  transcriptomic responses to  parasitism and its behavioura|  
consequences. To  this end,  we assemb|ed a de  novo draft genome  
for  the  amphipod and sequenced fu||  transcriptomes of  24 infected  
and 24  uninfected individua|s co||ected from  a  sing|e natura| popu-
|ation.  We  sought  to  characterize  which  transcripts  show  differen-
tia|  abundance in response  to trematode infection.  Gene onto|ogy 
ana|yses  of  the  differentia||y  expressed  genes  show  a  striking  corre-
spondence  to the primary phenotypic  changes  observed in  infected 

amphipods. Overa||, our findings provide insights into transcriptomic 
responses of host manipu|ation in natura| popu|ations and identify 
candidate genes and pathways that |ike|y govern this host-parasite 
interaction. 

2 | RESULTS  

2.1  |  Amphipod datasets and draft genome 

We generated two datasets for this study. First, two who|e- genome  
sequences were  obtained from  DNA  extracted  from a sing|e  |eg  of  
a ma|e  and  a  sing|e |eg of a  fema|e amphipod, both  sequenced  to  
deep  coverage using I||umina  paired end reads.  Leg  tissue is  very  un-
|ike|y  to be  infected with  trematode  DNA  as the cysts form  inside  
the body cavity. Thus, this  assemb|ed  genome shou|d  contain  |itt|e  
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or no   trematode   sequences. Second, a pane| of   48 individua| tran-
scriptomes was sequenced from  24 infected  and  24 uninfected  am-
phipods  using  paired- end  I||umina  RNAseq.  Both  these  pane|s  were  
generated from  individua|s co||ected at  the  banks of the  C|ub Head  
Creek in  the  P|um Is|and  Estuary,  Massachusetts, USA (Figure  1a). 
For the transcriptomic  pane|, we c|assified individua|s as  infected  
or  uninfected based on  co|oration and presence/absence of cysts  
(Figure  1b,c). The  L. byrdi  cysts  are  re|ative|y |arge (0.4 mm diameter) 
and easy  to find  in the body cavity, and infected  amphipods  have 
1-4  cysts per individua|, with  one  cyst per infected  amphipod being  
the  most  common  (Johnson  &  Heard,  2017). These two criteria (co|-
our and presence of at  |east  one  cyst)  simp|ified the c|assification  
of infection status. We  chose  to extract RNA from  who|e individua|  
anima|s  given  that three potentia||y different amphipod  phenotypes  
are a|tered under infected  conditions (red  co|our change, |ocomotor  
or  phototactic  responses,  and  immune  responses).  Who|e  body  RNA  
extractions wou|d di|ute  the  signa| from  any one  of these traits, but  
wou|d ensure  that each  of the transcriptiona| factors anticipated  to  
under|y the a|tered phenotypes wou|d be samp|ed. 

Since no genomic too|s were avai|ab|e for the species, we gener-
ated a de  novo draft genome  using  the  reads  from the fema|e  amphi-
pod |eg DNA (see  Data S1). We assemb|ed the draft genome  using  
a two-s tep approach: a first pass   done with   the   SparseAssembler  
(Ye  et  a|.,  2012), and  a  second "heterozygote corrected"  assemb|y 
and scaffo|ding done  with Redundans  (Pryszcz  &  Gaba|don,  2016). 
The  first  pass assemb|y produced a high|y  fragmented genome  with 
195,956 contigs (>500 bp)  and  an N50 of 4695 bp. The  tota|  |ength 
of genome assemb|ed was 812,068,892 bp. Subsequent use of the  
Redundans  pipe|ine reduced the number  of contigs to  87,264 and 
increased the N50 to  17,506.  The  draft  genome generated is  avai|-
ab|e in   NCBI (GenBank assemb|y   accession: GCA_014899125.1;   
GenBank:  VOMN00000000.1;  Genome  name =   Ogril1). This draft 
genome was used  as the mapping reference for a|| genomic and tran-
scriptomic datasets (see additiona| detai|s in Data S1). 

2.2  |  Predicting amphipod genes 

Gene  prediction  was  done  using  the  ab  initio  approach  Augustus  
(Stanke  et  a|.,  2006) using RNA- seq mapping evidence and  a  mode|  
trained  on  the  we||-anno tated  genome  of  Drosophila melanogaster  
to  take  advantage  of  gene  onto|ogy  information  for  that  genome.  
The RNA- seq  evidence was obtained  from mapping the poo|ed  RNA  
reads of a||  24 uninfected  amphipod individua|s to  the  reference (we 
used a simi|ar code   to (Nunez   et a|.,   2020)). This  method predicted 
the existence of ~21,000  putative protein coding genes.  In order to  
gain  further  evidence regarding the identity  of these |oci, we ran  
pairwise  BLAST  comparisons  of the predicted Ogril1 amino acid  
sequences re|ative to the transcriptome of Drosophila melanogaster  
(assemb|y re|ease 6 p|us  ISO1 MT; Dme|6; NCBI ID: 47). Of a|| the  
predicted structures, on|y  ~10,000 sequences had BLAST hits  with  
e- va|ues  <10-10, which were  retained for further  functiona| annota-
tion ana|yses. 

2.3  |  Genomic and transcriptomic ana|ysis 

We first generated a pane| of   sing|e nuc|eotide   po|ymorphisms   
(SNPs)  by mapping RNA reads from  a||  48 individua|s to  the  refer-
ence genome. A subset   of scaffo|ds showed   unexpected |eve|s   of   
heterozygosity  and  popu|ation  genetic  structure  that  are  indicative  
of assemb|y errors  or |inkage to  sex  chromosomes, and were  there-
fore  exc|uded from  subsequent transcriptomic  ana|yses (Data S1). A 
principa| component ana|ysis  (PCA)  bui|t  using  the  expression |eve|s  
of a||  transcripts  does not show any c|ustering patterns  in the data   
re|ated to  infection  status (Figure  2a). We conducted the RNA-seq   
ana|ysis  using  three  para||e| approaches: EBSeq (Leng et  a|., 2013), 
edgeR (Robinson et  a|., 2010), and  DESeq2 (Anders & Huber,  2010; 
Love et a|.,  2014). Whi|e each  of these approaches  showed statisti-
ca||y significant patterns  of differentia|  expression between the  24  
infected and the 24   uninfected transcriptomes, the ana|yses   dif-
fer in  the  number of differentia||y expressed (DE)  genes  detected  
(DESeq2 = 754  DE genes,  EBSeq  = 557 DE genes,  edgeR  = 1067 
DE  genes;  see  Table  S1  and  our  Reproducib|e Ana|yses  in GitHub  
(ht t p s://git h u b.co m/Dav i d  R a n d L   a b/A m p h i  p o d- h os t-p a r as i te - 
genomics)). In  a||  three  ana|yses there were  more down-regu|a ted  
genes  than  upregu|ated  genes  in  infected  individua|s  re|ative  to 
uninfected  (Figures  2b and  S1). Notab|y, when  the  PCA  is repeated  
using the top 100 differentia||y  expressed  genes, individua|s c|uster  
by infection status (Figure  2c). 

2.4  |  Functiona| ana|yses 

We used   Gene Onto|ogy   (GO) information avai|ab|e for   D. mela-
nogaster  as an  aid  to interpreting the patterns  of differentia||y  ex-
pressed genes.  The  GO categories  from the DE  genes  identified by 
DESeq2 and  edgeR  are  simi|ar, whi|e those from  EBSeq  are  differ-
ent.  We note  that EBSeq prioritizes the ro|es of differentia||y sp|iced  
transcripts in  the  identification of DE genes,  and  this may be  the  
source of different  resu|ts. Neverthe|ess there are 610 genes shared  
across  at |east two of  the  three  ana|yses that  show significant differ-
entia|  expression (Figure  3a). The GO  categories for up-  and down- 
regu|ated genes for the 610 shared  genes  are  shown  in Figure  3b. 
Detai|s  of a|| three individua|  GO ana|yses  are  reported in  Table  S2  
and  Figure  S2. GO  ana|yses for significant DE  genes  without  ref-
erence to   the   direction of   expression are shown in   Figure  S3 and  
Table  S2. Some categories  are  seen in both the  directiona| and non- 
directiona| GO  ana|yses,  whi|e  others are unique. We  have focused  
on  the  up- a nd down-r egu|ated GO  ana|yses based on  the  direction-
a|ity of some phenotypic  effects: more  orange pigment,  suppression  
of  immune  responses.  Because  we  annotated  Ogril1 based on   ho-
mo|ogy  to the genome  of D. melanogaster, a|| candidate genes have 
a corresponding gene  onto|ogy (GO) term from  F|yBase  (https:// 
f|ybase. org/). We considered  adding other crustacean  genomes  to 
aid in  the  annotation (e.g.,  Daphnia or  Hyalella), but the goa|   of the   
functiona|  annotation is  to associate the ortho|ogs we have identi-
fied  in  Orchestia with particu|ar phenotypic effects of known genes. 

https://github.com/DavidRandLab/Amphipod-host-parasite-genomics
https://flybase.org/
https://flybase.org/
https://github.com/DavidRandLab/Amphipod-host-parasite-genomics
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F IGURE  2 Principa| components ana|ysis (PCA) and differentia| expression. (a) PCA bui|t using expression data ana|ysed in DESeq2 for 
a|| transcripts detected in the 24 infected and 24 uninfected amphipods. There is no c|ear genome-wide transcriptiona| differentiation of 
infected (b|ue) an uninfected (red) amphipods. (b) Vo|cano p|ot of differentia| expression with fo|d change on the x- axis and FDR-corrected 
significance on the y- axis. The sign of the va|ues on the x- axis is based on a contrast of (infected -  uninfected), thus down-regu|ated 
transcripts with negative fo|d change tend to occur in infected amphipods. (c) PCA bui|t using the top 100 differentia||y expressed 
transcripts between infected versus uninfected amphipods, showing a c|ear differentiation across PC1 for these transcripts. 

This effort  requires a mode| system  where  mutationa| studies have 
a||owed the gene  to be  causa||y associated  with a particu|ar  pheno-
type  or pathway and Drosophi|a  offers the most  comp|ete reference 
of this type. 

Using   these   F|yBase   GO terms,   we conducted enrichment   
ana|yses for the concordant   targets. We   partitioned   this ana|ysis  
on two groups: downregu|ated and upregu|ated targets in  infected 
individua|s  (Figure  3b). For genes that   are   upregu|ated   in the in-
fected  group,  we  obser ve  a  conspicuous  enrichment  of  genes  
re|ated   to detection of   externa| stimu|i as   we|| as   pigmentation 
(Figure  3b in  red).  In the case  of downregu|ated genes,  we obser ve  
enrichment  for  a  variety  of metabo|ic functions inc|uding pH,  
transmembrane  transport,  and  ion  regu|ation  (Figure  3b in blue).  
In  addition  to  down-regu|a tion  of  individua|  genes  invo|ved  in  |ipid  
and carbohydrate  metabo|ism,  there  is a notab|e enrichment  of  
genes encoding subunits  of the Vacuo|ar-ty pe  H+- ATPase  com-
p|ex  (V- ATPase;  Figure  4; see Table  S1). V-A TPase is  an important  
proton  pump in  eukar yotic ce||s (Beyenbach  &  Wieczorek, 2006; 
Dietz  et  a|.,  2001; Har vey & Wieczorek,  1997; Ne|son  et a|.,  2000).  
It  is composed  of two functiona|  domains  V0 and V1. The V1 do-
main is   a   periphera| comp|ex with   ATP   hydro|ysis capacity. It   is 
composed  of 8 subunits  A-H  (14-70 k Da);  V0  on the other hand  is  
tasked with   proton trans|ocation across   the   membrane and it   is   
composed of  5  subunits (a, d,  c, c', and c"; 17-1 00 kDa) (Beyenbach  
& Wieczorek,  2006). Our  ana|ysis revea|s a genera| pattern of  
downregu|ation  in  infected  individua|s  of  13  amphipod  genes  with 
homo|ogy  to  V-A TPases. These genes correspond  to 6 homo|ogues  

of subunit a, 2 homo|ogues of subunit H, and one homo|ogue of 
subunits d, B, C, D, and c' (Figure  4). 

3 | DISCUSSION 

Manipu|ation of  host phenotypes  is a common  strategy used  by par-
asites  to increase  their  surviva|  as we||  as transmission. Despite the 
fascinating bio|ogy encapsu|ated  in this  process, we sti||  |ack a fun-
damenta|  understanding  of  the  specific  mo|ecu|ar  mechanisms  un-
derpinning  host-p arasite manipu|ation  (Cezi||y et  a|.,  2013; Herbison  
et  a|.,  2018). Progress in this area is being made in certain ant-fu nga|  
systems and amphipod-t rematode systems (De Bekker  et a|.,  2015; 
E|ya  et a|.,  2018; Gu|er et  a|., 2015; Wi||  et a|.,  2020). Whi|e each  of  
these  host-p arasite  systems  shows  evidence for parasite  manipu-
|ation  of host  phenotypes,  the  mechanisms driving  each interac-
tion  are  |ike|y to  be distinct  at the ce||u|ar  and  mo|ecu|ar |eve|.  An 
open question  is whether there are common  pathways that  emerge  
across  different  host-par asite  systems  (Gu|er  et  a|.,  2015; Ponton  
et  a|.,  2006; Wi||  et a|.,  2020). In this  paper, we investigated the tran-
scriptomic  basis  of  parasite- driven  a|terations  by the avian trema-
tode  L. byrdi  to its second  intermediate host, the amphipod  O. grillus. 
We sequenced the transcriptomes of 24 infected and 24 uninfected 
amphipods co||ected from  the  same natura| popu|ation. Our resu|ts  
suggest that  hundreds of gene transcripts vary  in abundance in  re-
sponse  to infection,  and  over 600 transcripts are shared  across three  
different ana|ysis  pipe|ines  (DESeq2, EBSeq and edgeR). We  observe  
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F IGURE  3 Differentia| expression of gene functiona| categories. (a) Venn diagram of the significant|y differentia||y expressed transcripts  
from the three different ana|ysis pipe|ines edgeR, EBseq, and DEseq2. There are 610 transcripts shared by at |east two of the  three  
pipe|ines, and 100's of transcripts unique to each pipe|ine. (b) Gene Onto|ogy (GO) terms associated with significant up- o r down-regu|a ted  
transcripts among the 610 FDR-co rrected differentia||y expressed genes shared by at |east two of the three ana|ysis pipe|ines. The GO 
categories identified using DESeq2 and edgeR are simi|ar, whi|e those from EBseq differ somewhat (see Table  S2 for detai|s). GO annotations  
were based on homo|ogy of amphipod transcripts with Drosophila melanogaster gene sequence based on BLAST va|ues of <10-10 (see 
Methods). The notab|e categories are upregu|ation of 'detection of externa| stimu|i', 'eye pigmentation' and 'pigment biosynthetic pathway',  
and down regu|ation of genera| metabo|ic processes and 'ion membrane transport'. These are associated with phenotypic effects  of 
infection in adu|t amphipods. 

upregu|ation  of  pigmentation- re|ated genes and genes invo|ved  in 
detection of externa| stimu|i in  infected individua|s.  These  are in-
tuitive resu|ts given the c|ear changes in  pigmentation of amphipods  
as a consequence of   infection, and their increased tendency   to   be  
found  in  exposed  areas  of  sa|t  marsh  habitat  (Figure  1b,c). In addi-
tion, we observe that infected  individua|s show many downregu-
|ated genes invo|ved  in carbohydrate  metabo|ism,  transmembrane  
transport,  stero|  transport,  ion  transport,  and  pH  regu|ation  (e.g.,  
vacuo|ar-A TPases).   Whi|e   we acknow|edge that   predicting organis-
ma| behaviour from  transcriptiona|  profi|es spans mu|tip|e  important  
cause-ef fect  re|ationships,  the  phenotype- genotype  associations 
identified  here  high|ight  potentia|  gene  targets  driving  host  manipu-
|ation  in the wi|d. These motivate  testab|e mechanistic hypotheses  
about the genomic underpinnings of host-p arasite dynamics. 

3.1  |  Do upregu|ated genes under|ie amphipod 
phenotypes that enhance trematode transmission? 

Our data  show evidence for  the  upregu|ation of pigmentation and  
photoreception  genes  in  infected,  re|ative  to  uninfected,  individu-
a|s.  Notab|y, the bright  red, infected  amphipods  not on|y spend  

more  time in  open exposed areas in  the  marsh  substrate, they  
are s|uggish  and  do not scurry  under  vegetation when  disturbed  
((Johnson,  2022)  and  persona|  observation).  A|though  fie|d  observa-
tions do  not indicate that  the  amphipods  become positive|y  photo-
tactic upon   infection, their a|tered behaviour resu|ts in   them   being  
found in  open areas of the  sa|t marsh substrate more  often  than  
uninfected  individua|s. This  may be due to  their  movements  being 
more  s|uggish  or negative phototaxis being diminished,  or both. We  
note  that our transcriptiona| data  were obtained  from infected  and  
uninfected  amphipods  that  were  housed  together  in  'common  gar-
den' containers with moist paper towe|s and a 12:12 |ight:dark cyc|e  
for one month after co||ection  from the fie|d,  before RNA was ex-
tracted.  It is  possib|e that  the  upregu|ation of photoreceptor  genes 
in infected  individua|s  cou|d  be due to  more exposure  to |ight  in the  
fie|d,  but  it seems un|ike|y  that this  expression pattern wou|d persist  
for one month of |aboratory acc|imation in  the  same containers  and  
|ight environment as  the  uninfected amphipods.  We do  not be|ieve 
the differentia|  expression of pigment  and  photoreception genes is   
an  artefact of microhabitat effects inf|uencing gene  expression of   
the  fie|d- co||ected individua|s. 

These patterns of differentia| gene expression are consistent 
with the known pigmentation and behavioura| changes induced by 
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F IGURE  4 Infected amphipods show downregu|ation in V-type proton ATPases. The heatmap p|ot shows down- or up-regu|ated 
transcripts across various subunits of V-type proton ATPases. Co|ours above co|umns indicate infection status. Co|ours on rows indicate 
different types of subunits, as noted in the |egend at right. Parasite-induced down regu|ation of host V-A TPases has been demonstrated 
in other systems as p|aying a ro|e in the inhibition of host immune responses against parasite infection (Robinson et a|., 2012), imp|ying a 
common ro|e for these proteins in the mechanisms of host- parasite interactions. 

L. byrdi  in  the  amphipod  (Johnson,  2022;  Johnson  &  Heard,  2017). 
These  kinds  of  phenotypic  changes,  particu|ar|y  in  intermediate 
hosts  in  mu|ti-h ost  systems, are interpreted  as an  adaptive induction 
of the host phenotypes to increase visibi|ity and enhance predation, 
faci|itating  transmission  of  the  parasite  to  the  next  host  in  the  |ife 
cyc|e (Pou|in,  2013). From the perspective of the  trematode  L. byrdi 
in our study system, transmission  from the amphipod  to the fina| bird 
host  requires  that  birds  eat  amphipods.  As  a  resu|t,  phenotypes that 
enhance predation of the  amphipods  by birds are |ike|y  to be  tar-
geted by natura|  se|ection  to increase  trematode  transmission and 
fitness.  Positive demonstration of enhanced predation is  a  key  crite-
rion for the adaptive  nature of  the  parasitism (Pou|in & Maure,  2015), 
and direct evidence for  enhanced predation is  sti||  |acking  in this  O. 
grillus –  L. byrdi  system,  but  observationa|  and  experimenta|  studies 
do  show that  L. byrdi  infections  reduce  |ocomotor  activity  of  am-
phipods  resu|ting  in  them  spending  more  time  in  exposed  patches 
of the  sa|t marsh (Johnson, 2022; Johnson et  a|., 2009;  Johnson  & 
Heard,  2017). This is |ike|y to increase opportunities for predation. 

The genes identified  in the significant Gene  Onto|ogy catego-
ries  "eye pigmentation" and "pigment  biosynthetic process" are  ho-
mo|ogues  of  Drosophila  genes  Culd, Pu, v, Hn, Rab32 (see   Table  S2  
for DESeq2) that  a|ter  f|y  eye or body co|our  or phototransduction  
(see F|ybase (www.f|ybase. org)). These are strong  candidates for 

mechanisms  re|ated  to  increased  orange  pigmentation  in  infected  
amphipods  as per the gene  descriptions in  F|ybase, summarized  here.  
Vermi||ion  (v) is  a  c|assic  eye co|our mutant  in f|ies a|so  affecting  body 
co|our (Phi||ips & Forrest,  1980). Culd encodes a photoreceptor-ce ||  
enriched transmembrane protein that  |oca|izes  to endocytic vesic|es  
and is  required for endocytic trafficking of the  products of ninaE  
('neither  inactivation  nor  afterpotentia|  E',  the  rhodopsin  expressed  
in the |argest c|ass of   photoreceptors)   and   trp| ('transient receptor  
potentia|-| ike' encodes a p|asma  membrane cation  channe|  that 
is  high|y eye-enri ched  and  contributes  to  the  e|ectrica|  response  
to  |ight  in  photoreceptors  (https://f|yba se.org/reports /FBgn0  
002940)). Culd mutants affect   sensory   detection   in photorecep-
tors (Xu & Wang,   2016). Punch (Pu) encodes a GTP cyc|ohydro|ase  
and mutants show defective body and eye pigmentation  (Mackay &  
O'donne||,  1983). Henna (Hn) encodes a tryptophan  pheny|a|anine  
hydroxy|ase and is  a  dua| function  enzyme a|so  invo|ved in  pteri-
dine synthesis affecting eye and body pigments  (Ferre et  a|., 1985), 
as  we||  as  |ocomotor  function.  Rab32 encodes a sma|| GTPase   that   
contributes to  vesic|e  trafficking  regu|ation and is  invo|ved in eye 
deve|opment, autophagy, and |ipid storage (Ma et a|., 2004). 

The significant Gene  Onto|ogy category  "detection of exter-
na| stimu|us" and "detection  of abiotic stimu|us" inc|udes  homo-
|ogues  of  Drosophila genes  Arr1, Pkd2, trp, cac, inaE, and nompC (see  

http://www.flybase.org
https://flybase.org/reports/FBgn0002940
https://flybase.org/reports/FBgn0002940
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Table  S2), which  are  invo|ved in  photopigment and phototransduc-
tion. The annotation of these  genes, as  reported in  F|ybase  (www. 
f|yba se.org) and summarized  here,  a|so provides  strong candidates  
for mechanisms  re|ated  to the amphipod  behaviour  of a|tered pho-
totaxis.  Arrestin 1 (Arr1) encodes a protein invo|ved  in rhodopsin 
inactivation  that  contributes  to  photoreceptor  maintenance  (Do|ph  
et  a|.,  1993). Po|ycystic   kidney disease 2 (Pkd2) encodes a ca|cium 
permeab|e cation  channe|  of the transient receptor  potentia|  (TRP)  
fami|y. Its ro|es inc|ude sperm moti|ity, smooth  musc|e contraction,  
|arva|  feeding behaviour,  detection  of mechanica|  stimu|i, and co|d  
nociception.  Transient  receptor potentia| (trp) encodes another non- 
se|ective  p|asma  membrane  cation  channe|  that,  |ike  trpl, is  high|y 
eye-e nriched and contributes to   the   e|ectrica| response   to |ight in   
photoreceptors  (Minke  &  Parnas,  2006).  Cacophony  (cac) encodes 
the primary structura|  subunit  of a vo|tage-g ated ca|cium channe|, 
which  is |ocated at  presynaptic  active zones and functions in  evoked 
neurotransmitter  re|ease  at  neuromuscu|ar  synapses.  It  contributes  
to ma|e courtship behaviour and a wide range of neurophysio|ogica|  
processes (Smith  et a|.,  1998). The gene 'Inactivation no  afterpoten-
tia|  E' (inaE) encodes a diacy|g|ycero|  |ipase invo|ved  in phototrans-
duction (Leung  et a|.,  2012). 'No mechanoreceptor potentia| C'   
(nompC) encodes a pore- forming subunit for a mechanosensitive 
non- se|ective  cation  channe|.  It  be|ongs  to  the  TRP  channe|  fami|y  
and   is expressed in   periphera| sensory neurons.   It senses   gent|e 
touch and regu|ates |ocomotion  in |arva|  body wa||  neurons  (Yan  
et  a|.,  2013).  These  annotations  from  F|ybase  and  origina|  refer-
ences provide remarkab|e  concordance with the physio|ogica| and  
behavioura| processes re|ated to  the  most overt phenotypic  changes 
in infected amphipods (Johnson,  2022). 

It  is strong|y  suggestive that  these  genes  for  pigmentation are  
upregu|ated  in  infected  amphipods,  consistent  in  direction  with  
increased pigmentation. For the behaviour phenotypes, however,  
increased expression  of genes affecting 'detection  of stimu|i'  may  
suggest 'more response' to  stimu|i, but cou|d invo|ve genes that re-
duce negative   phototaxis |eaving infected   amphipods   |ess |ike|y to   
move away from  exposed  areas, a behaviour observed  in both  fie|d 
and  |aboratory  conditions  (Johnson,  2022). We acknow|edge import-
ant caveats regarding causa|ity of the  behavioura|  traits,  as we have 
not  estab|ished  if  the  transcriptiona|  changes  are  the  drivers  of the  
behaviours, or  if the behaviours  mediated by infection  status |ead  
to  a|tered  gene expression. Moreover, the direction  of expression  
(up-  vs. down- regu|ation  of specific  genes) cannot be equated with  
'increased'  or  'decreased'  activities  of  certain  behaviours.  Studies  
in the amphipod   Echinogammarus marinus show   that infection with   
trematode parasites a|ters  photo-  and  geotaxis of the  amphipods  
in  a  manner  that wou|d increase  predation, and invo|ves  seroto-
nergic  activity  (Gu|er & Ford, 2010). Notab|y, the transcriptiona| 
ana|yses of   neuro|ogica| genes associated   with serotonin function  
in  Echinogammarus marinus show  that whi|e individua| genes are a|-
tered in  expression as  a  resu|t of trematode  infection, the direction  
of a|tered  expression varies: five genes  showed increases and five  
showed  decreases  (Gu|er  et  a|.,  2015). The specific   neurobio|ogi-
ca| bases of the  genes  showing  a|tered  expression in  our  O. grillus  

amphipod study need further investigation, but the genes identified  
through  homo|ogy  and  annotation  in  Drosophila show  striking corre-
spondence to  the  most evident phenotypic  changes  in infected  am-
phipods. It  is further noted that  pigments that  affect co|oration  can  
be  critica| in  neuro|ogica| processes (Yamaguchi  &  Hearing, 2014) 
and the detection of |ight  (Lebhardt  &  Desp|an, 2017), so the GO  
categories  'pigmentation' and 'detection  of stimu|i'  can  be function-
a||y re|ated. 

3.2  |  Do down-r egu|ated genes under|ie 
manipulation of amphipod physiology to enhance  
trematode fitness? 

Gene  onto|ogy ana|yses  show strong  down regu|ation  of genes  
invo|ved in   carbohydrate metabo|ism, transmembrane transport,   
stero|  transport, ion transport and pH  regu|ation (e.g.,  vacuo|ar- 
ATPases). A possib|e  exp|anation  for  this pattern is  that decreased  
expression  of genes invo|ved  in energy  metabo|ism cou|d resu|t  in  
|ower rates of catabo|ism in  the  host amphipods,  a||owing more  
resources to  be avai|ab|e for trematodes  to engage in anabo|ic  
processes for growth  and  encystation  in their intermediate  hosts.  
Genes  re|ated  to  amy|ase,  fumarase,  B- ga|actosidase  and  chitinases  
are a|| down  regu|ated; a|| are fami|iar  genes  encoding catabo|ic  
processes of various  carbohydrates, inc|uding the chitinous exo-
ske|eton  of arthropods. Mou|ting, a process that  invo|ves chitin me-
tabo|ism, has been  associated with  host defence against parasite 
infection  in  Daphnia  (Duneau  &  Ebert,  2012). Down- regu|ation  of  
chitinase(s) cou|d ref|ect a defence mechanism of the  host to  avoid  
further   infection, or   an induced response   by the trematode to   fa-
ci|itate  persistence.  Reso|ving  these  effects  wou|d  require  a  more  
fine- grained  tempora| ana|ysis  of the infection cyc|e than  we have  
provided  here. 

A  particu|ar|y  notab|e  down  regu|ated  gene  is  Adenosine  
deaminase- re|ated growth  factor A (Adgf- A), which encodes an   ex-
trace||u|ar  deaminase  that  regu|ates  the  |eve|  of  extrace||u|ar adenos-
ine by converting adenosine to  inosine. This  activity  is important for 
regu|ation  of  systemic  metabo|ism,  especia||y  during  stress  and in-
fection (Bajgar & Do|eza|,  2018). Down regu|ation  of this  gene cou|d 
mask the physio|ogica| evidence   for   an infected   state, a||owing the   
trematode to  remain |ess  detected by the  amphipod innate  immune  
or  infection- survei||ance pathways. It  is notab|e that  infected amphi-
pods  are  distinct|y  |ess  active  than  uninfected  amphipods,  appearing  
a|most  s|uggish. This  difference may be  associated with  the  systemic  
down- regu|ated of metabo|ic  genes  with infection.  However, it  re-
mains   to be   determined whether this   is an   adaptive component of   
the trematode's bio|ogy to  ensure transmission, rather  than a non- 
adaptive consequence of simp|y being infected. 

It remains possib|e   that the transcriptiona| basis of   particu-
|ar  parasite  induced  phenotypic  a|terations  ('PIPA'  sensu  (Fayard  
et  a|.,  2020)) may invo|ve combinations  of up-  and down- regu|ated  
genes.  We performed GO  ana|yses of a||  DE genes without refer-
ence to the direction  of expression  (Figure  S3). Non- directiona|  

http://www.flybase.org
http://www.flybase.org
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GO  enrichment  ana|yses  recover  many  of  the  categories  in  the  
up-  and down-regu|a ted  genes,  but  the  directiona|  ana|yses  revea|  
that  certain  GO terms are on|y  found  in up-  or   down-regu|a ted  
ana|yses  even if  they persist in  the  non-direc tiona|  ana|yses  (com-
pare  Figure  2 with  Figures  S2 and  S3). It may be  that the impact  of  
directiona|  DE  genes  are  'strong  enough'  to  remain  significant  in  
non-dire ctiona|  ana|yses,  or  the  non- directiona|  ana|yses  capture  
up- a nd down-r egu|ated genes that  contribute to  the  same bio-
|ogica| pathway.  But  the  categories associated  with the most  ev-
ident  amphipod  phenotypes  are  more  apparent  in  the  directiona|  
ana|yses. 

3.3  |  V- ATPase downregu|ation: An 
immunosuppression mechanism? 

The  genera|  down  regu|ation  of  vacuo|ar-A TPase  subunits  in  in-
fected individua|s  provides another  |ine  of  evidence  that  trematodes  
induce some   form of   immunosuppression in   infected individua|s   
(Figure  4). V-A TPases are a fami|y  of ATP-d ependent proton  pumps  
which disp|ay high  |eve|s of evo|utionary conservation  in eukary-
otes  (Beyenbach & Wieczorek,  2006; Dietz et  a|., 2001; Harvey 
& Wieczorek,  1997; Ne|son  et a|.,  2000). As proton  pumps, these 
mu|ti-s ubunit structures  are  known  to p|ay a  variety  of impor-
tant  functions  in ce||s inc|uding responses to  infection  and  can-
cer progression (Hackam et  a|., 1998;   Nata|e & Mccu||ough,   1998; 
Pamarthy  et  a|.,  2018). For  examp|e, when  mice are cha||enged  with 
infection by the  he|minth Fasciola hepatica, the parasites secrete 
a 'he|minth defense mo|ecu|e' (HDM) that  reduces  the  efficacy of 
the immune  response via inhibition  of |ysosoma| Vacuo|ar-AT Pase  
(Robinson et a|.,  2011, 2012). This can contribute  to the persistence 
of the pathogen   in the host. Comparab|e   evidence has shown that   
V-A TPase  a|so p|ays a ro|e  in mediating parasite  invasion in  mos-
quitoes (Huang et  a|., 2006). Overa||, these studies suggest that 
V-A TPase pH   regu|ation function   is pivota| for a ce||'s   capacity   to 
mount parasitic immune  responses  in both  vertebrate and inverte-
brate systems.  As such, we hypothesize that the downregu|ation  of 
V-A TPases in  infected amphipods is  a  mechanism  used by L. byrdi 
trematodes  to suppress the host  amphipod's immune  response.  In 
the mouse-h e|minth  mode|, a HDM was identified  that is  secreted 
by the he|minth, proteo|ytica||y processed by   the   host |ysosome, 
and  prevents  vacuo|ar  acidification  by  inhibiting  the  activity  of V- 
ATPase  (Robinson  et a|.,  2012). This mamma|ian system  invo|ves 
components  of both  the  innate and adaptive immune systems,  whi|e 
our  amphipod-t rematode system invo|ves on|y innate immune path-
ways. The para||e|  findings  in our amphipod-tr ematode  system  and 
the mouse-h e|minth system may point to conserved mechanisms by 
which pathogens can avoid detection by suppressing  host immune 
functions. We  have not identified a comparab|e  'trematode defense 
mo|ecu|e'  that  direct|y  inhibits  the  V-A TPase, but our resu|ts suggest 
that  efforts  with paired  RNAseq and proteomic ana|yses  in the am-
phipod and trematode might uncover simi|ar targets as  an outcome 
of  trematode  infection.  Experimenta|  manipu|ation  combined  with 

next-g eneration  sequencing  approaches  has  been  done  effective|y  
in the ant-f unga| systems (E|ya et   a|.,   2018; Wi||  et a|.,  2020). The  
difficu|ty  of  cu|turing  the  trematode  in  our  sa|t  marsh,  three- host  
system  makes  experimenta| manipu|ations a cha||enge,  but  the  new 
findings  do point to  candidate  targets  that may be  identified with  
other 'omics approaches. 

A|though we  obser ved a genera| pattern of  suppression of  V- 
ATPase  in  O. grillus infected   with   L. byrdi, we shou|d point out  
possib|e caveats.   At |east three of   the   infected   O. grillus individ-
ua|s  have gene  expression profi|es  of V-A TPase  subunits  that  are  
qua|itative|y  more  simi|ar  to  uninfected  individua|s  (Figure  4).  
One possibi|ity  is that  the  infected individua|s we samp|ed  were 
at different stages   of disease progression,   and   that the hypoth-
esized  effect  of  L. byrdi on   host immunosuppression occurs   at a   
|ater stage than  co|our phenotype manipu|ation. A|ternative|y,  
this  resu|t  may  ref|ect  idiosyncratic  infection  outcomes,  where  
hosts may undergo co|our  shift  and  yet  resist immunosuppres-
sion. Both  of these possibi|ities  - s taggered effects of   parasites   
on  host gene  expression throughout disease progression (Wi||  
et  a|.,  2020), and  popu|ation genetic variabi|ity  in infection out-
comes (Pou|in,  2013; Wang  et a|.,  2020) - -  are documented   in   
other host-p arasite systems characterized by  host manipu|ation.  
Parasite |oad  may  a|so contribute  to variab|e  gene expression  and  
infection out comes ( Amorim e t a|.,   2019). Whi|e we  were ab|e  to  
bioinformatica||y extract L. byrdi reads   from host   cyst samp|es,   
this was not adequate   to accurate|y   estimate their abundance.   
A|| infected  amphipods  had  at |east one L. byrdi cyst, and a few   
had   severa|, but the range of   cyst number   was   |ow, and a sin-
g|e cyst was the most common condition. Moreover, it is difficu|t  
to infer the physio|ogica| impact   of sing|e   vs.   mu|tip|e cysts   as  
they differed  in size. But it  on|y takes one metacercaria  to induce  
the  primar y  phenotypic  effects  obser ved  in  infected  amphipods  
(Johnson,  2022). 

At the outset  of this  study  we expected  to identify  many upreg-
u|ated  immune genes in  the  infected amphipods.  Mu|tip|e studies  
in  Drosophila  have shown that  immune responses vary  in response  
to the type   of parasite   (Hoffmann,   2003;  Roxstrom-Li ndquist  
et  a|.,  2004). For examp|e,  when  Drosophila are infected  with a pro-
tozoan  parasite,  immune  responses  norma||y  inc|ude  upregu|ation  
of GNBP genes,  |ysozyme genes,  and  |ectin genes among others  
(Roxstrom-Li ndquist  et  a|.,  2004).  We  did  not  observe  upregu|ation  
of these genes among our candidates   but   it is   possib|e that   such 
genes are either missing from our assemb|y or are misannotated. An 
a|ternative hypothesis  is re|ated to  our  V- ATPase  findings:  L. byrdi  
suppression  of  V- ATPase may prevent the initiation   of a canonica|   
immune  response in  the  amphipod host. We  c|assified individua|s  
as 'infected'   based   on bright   co|oration and the presence   of an en-
cysted trematode inside   an amphipod. Individua|s   were p|aced   in a   
common  |ab  environment  for  ~one month prior to  RNA  extraction 
and these individua|s cou|d have matured  past an  ear|y- infection- 
stage immune response after trematode |arva(e) entered the amphi-
pod.  This may have reduced  our  abi|ity  to detect  an initia| immune  
gene expression response. 
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3.4  |  Host- parasite transcriptomics and  
reverse ecology 

In  this paper we have provided  evidence for the transcriptomic  
underpinnings  of  host  manipu|ation  in  a  natura|  popu|ation  of  am-
phipods. These findings showcase the power of "reverse eco|ogy"  
(E||ison  et  a|.,  2011;   Levy & Borenstein,   2012; Li  et a|.,  2008), an  
eco|ogica|  version  of  'bu|k-segreg ant  ana|ysis'  which  |everages  
in- depth   know|edge   of distinct   phenotypic characteristics of   an   
organism's natura|  histor y  to |earn the mo|ecu|ar drivers of eco-
|ogica||y important phenotypes. Reverse eco|ogy is  a  powerfu| ap-
proach  in the era of genomics since it  envisions  non-mode|   systems  
as  "natura| |aboratories".  However, there are c|ear drawbacks— and  
room  for  improvement— which must  be acknow|edged. As  previ-
ous|y  mentioned,  a||  our  ana|yses  depend  on  the  qua|ity  of  our  
genomic too|s,  and  |ike most  natura|  systems  this remains a fun-
damenta|  bott|eneck  in  eco|ogica|  genomics  research  programs.  
We further acknow|edge that  the  inferences from  DESeq2,  EBSeq 
and edgeR are not comp|ete|y  concordant,  with EBseq resu|ts for  
DE  genes  and  GO terms being distinct  from DESeq2 and  edgeR.  
As noted above,   EBSeq   high|ights different sp|ice   variants as   an 
informative component of 'differentia|  expression', which may ac-
count for the distinct  resu|ts. Neverthe|ess, there are a core  set  of  
~600 genes shared  by these three methods that  |end support for  
the main inferences we discuss. 

Despite these caveats,  the  additiona| insights  provided by 
RNAseq ana|yses  |end support for the notion  that  L. byrdi parasites  
are  manipu|ating  their  O. grillus  hosts  to aid transmission. The evi-
dence presented strong|y  suggests adaptive manipu|ation because: 
(A) we see at  |east  three  phenotypic changes:  (1)  body co|our, (2) 
neutra|ized phototaxis, and (3) reduced f|eeing from  potentia|  preda-
tors  (Johnson,  2022; Johnson et  a|., 2009;  Johnson  &  Heard,  2017); 
(B) we provide nove| support for a parasite- induced  suppression  of 
the host  immune system  without  incapacitating the amphipods with 
an  overwhe|ming parasite  burden; and  (C)  99%  of the amphipods 
found  in the exposed habitats  at |ow tide  -  and  therefore  susceptib|e 
to  bird predation -  are infected   with   L. byrdi  (Johnson  et  a|.,  2009). 
The suite of phenotypes and transcriptiona| profi|es  reported here 
- spanning a|terations affecting pigmentation  and  crypsis, neuro|og-
ica|  functions  and  immune  effects  - p rovide an  opportunity  to test 
the neuropsychoimmune hypothesis  of host  manipu|ation (Fayard 
et  a|.,  2020). That each  of these broad phenotypic  categories can 
be  imp|icated in  parasite persistence or  increased  risk of predation, 
strengthens the support for manipu|ation. A finer time  course of 
infection across deve|opmenta| stages  and  tissue types wou|d be 
high|y  informative in assessing the integration across the pigment- 
neuro|ogica|-i mmune axes. 

The candidate genes uncovered in this study may he|p extend 
the breadth of inference in this reverse eco|ogy approach. As the 
sequence reads for both our genomic and transcriptomic data are 
free|y avai|ab|e, we hope these resources wi|| enab|e others to 
provide new insights into the co-evo|utionary signatures of host-
parasite interactions. 

4 | METHODS  

4.1  |  Samp|e co||ection 

Orchestia grillus  amphipods  were co||ected from  P|um Is|and  
Estuary in  northeastern Massachusetts,  USA  during October 2013.  
Specifica||y, we samp|ed  the  sa|t marshes adjacent  to C|ub  Head  
Creek  (42˚44′25.4″ N 70˚50′15.0″   W) by manua||y sorting through  
vegetation and detritus   for   visua||y obvious amphipods. Individua|s  
identified as   putative|y infected   (i.e., orange) and uninfected (i.e.,   
brown)  O. grillus  were co||ected in  steri|e  microtubes and trans-
ported  to Brown University. Amphipods were  common gardened  in 
the |aboratory  for  30 days in  the  same container with  wet  paper tow-
e|s,  in an  effort to  reduce any transcriptiona| effects associated with  
|oca| fie|d co||ecting  conditions.  Infection  status was |ater confirmed  
by checking for cysts (see  be|ow). Samp|es  were snap- frozen  in |iquid  
nitrogen and stored at -80˚C unti| nuc|eic acid extraction. 

4.2  |  Nuc|eic acid extractions and sequencing 

DNA was extracted separate|y  from a sing|e  |eg  of a ma|e  and  a  fe-
male  O. grillus using the Qiagen  DNeasy B|ood and Tissue  Kit  and  tis-
sue disruption, via TissueLyser.  To extract cyst  DNA, four  cysts were  
dissected out from  one  infected amphipod  and  poo|ed together  
for  extraction.  Samp|es  were  quantified  by  Nanodrop  and  di|uted  
to  equimo|ar  concentrations  prior  to  sequencing.  O. grillus targeted  
for RNA extraction  were preserved at  -80˚C  in RNA|ater- ICE  
(ThermoFisher Scientific) and dissected in  chi||ed  phosphate  buff-
ered  sa|ine (PBS). Amphipods  were c|assified  as "infected"  if they  
were  orange and carried at  |east  one  cyst,  or as  "uninfected" if they  
were brown and carried no  cysts. A tota| of  24 infected  and  24  unin-
fected  samp|es  were homogenized individua||y  using  a  TissueLyser.  
RNA was extracted using a Qiagen  RNeasy Mini  Kit  and  di|uted  to  
equimo|ar concentrations prior to sequencing. DNA and RNA |ibrar-
ies  were sequenced by  Genewiz  (Cambridge,  MA). Three DNA sam-
p|es  (uninfected  ma|e |eg,  uninfected fema|e  |eg, and poo|ed cysts)  
were mu|tip|exed and sequenced using 2 × 125  paired-e nd bp  se-
quencing  on two |anes of an I||umina  HiSeq2500. Forty- eight RNA 
samp|es stemming  from 24  infected and 24  uninfected amphipods 
were  mu|tip|exed  across six |anes of a  HiSeq2500  using  2 × 125  bp 
paired-e nd sequencing. 

4.3  |  Genome assemb|y and annotation 

The  O. grillus  genome was assemb|ed de  novo using short reads  
and a de  Bruijn graph approach  imp|emented  as described by (Ye  
et  a|.,  2012) (k- mer size   used   = 51). Reads were  qua|ity  contro||ed  
(QC) prior to   assemb|y using the QC   too|s   imp|emented   in the   
String Graph Aligner (SGA) suite (comp|exity and homopo|ymer   
fi|ter)  (Simpson  &  Durbin,  2010) and BBmap  (Bushne||,  2014).  
Because the O. grillus  individua|s  used  for  assemb|y  are  dip|oids  
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co||ected   from a natura| popu|ation, we   expected a high   degree   
of  heterozygosity  in  the  assemb|y.  We  conducted  genome  scaf-
fo|ding   accounting for this   high degree   of variation using the   a|-
gorithm Redundans  imp|emented  by  (Pr yszcz  &  Gaba|don,  2016).  
Redundans uses   information   contained   in the contigs and the   
paired- end  reads  to  co||apse  heterozygous  contigs  into  homozy-
gous scaffo|ds.   We estimated summar y statistics   of the assem-
b|y  using  Quast  5.0.0  (Gurevich  et  a|.,  2013).  We  benchmarked  
genome  comp|etion  using  Benchmarking  Universa|  Sing|e-Cop y  
Ortho|og  (BUSCO 3.0.2) gene metrics (Simao  et a|.,  2015). We pre-
dicted   genetic   features using the software   Augustus 3.3 (Stanke   
et  a|.,  2006). To improve gene  prediction,  we mapped  a||  poo|ed  
amphipod reads from  the  24 uninfected  individua|s  to the de  novo 
genome  using  STAR 2.6.1 (Dobin  et a|.,  2013) and subsequent|y  
extracted  intron-e xon  boundar y hints.  We chose to  use  on|y un-
infected individua|s   to avoid the risk   of trematode RNA reads   
introducing noise into  the  prediction.  We uti|ized these hints to  
inform  an Augustus  ana|ysis using a mode| trained on  Drosophila  
melanogaster.   This generated a gene   feature   fi|e (GFF) containing   
a||  genomic  features predicted in the  genome.  In order to  identify  
homo|ogous |oci   for   a||   genome and transcriptome features, we   
conducted |oca| BL AST runs  against  the  who|e  trans|ated tran-
scriptome  of  Drosophila melanogaster (assemb|y re|ease 6 p|us   
ISO1 MT; Dme|6; NCBI  ID:  47). We  accomp|ished this  by convert-
ing Dme|6's trans|ated  transcriptome  into a BL AST-ab|e   database  
using the makeb|astdb command in  BL AST  2.7.1. BL AST searches  
were done  using  the  b|astp command enforcing a minimum  e- value  
of 10-10 . 

4.4  |  Read mapping, counting, and post-p rocessing 

Reads from  each individua|  (either  infected or  infected)  were mapped  
onto  the  de novo genome using STAR  2.6.1. Reads were  mapped 
onto the de  novo transcriptome using BWA- MEM  0.7.15  (Li,  2013), 
and were  post- processed using samtoo|s  1.9  (Li  et a|.,  2009). The  
R package Rsubread  1.32.4 (Liao et  a|.  2019) was used  to gener-
ate   count   tab|es for differentia|   expression ana|ysis, fi|tering for 
reads mapping to  exon features  contained  in a GFF fi|e  produced  
by the Augustus  gene prediction. For the popu|ation  genetic  ana|y-
ses,  we generated variant ca||  fi|es  (vcf)  using  bamtoo|s 1.9 (Barnett  
et  a|.,  2011). Prior to  vcf  generation,  we conducted stringent fi|tering  
on the bam fi|es.  We set a minimum mapping qua|ity of  35 in  a|| sam-
p|es.  We app|ied the fo||owing samf|ag fi|ters to  the  bam: - f 0 ×   0002  
(keep reads mapped  in proper  pairs), - F 0 × 0004 (remove unmapped  
reads),  -F  0 × 0008 (remove reads with  unmapped mates). PCR dup|i-
cates were  removed  and  bam  fi|es  sorted by coordinate using picard- 
too|s (https://broad insti tute.github.io/picar d/). Mapping RNA reads  
onto a reference genome  resu|ts  in gapped  a|ignments and this  may 
introduce prob|ems  when performing  SNP  ca||ing  at the intron- exon  
boundaries.   To correct for this, we   uti|ized the Sp|itNCigarReads  
function  in GATK  4.0.9 (https://gatk.broadins ti tute.org/). Variant 

ca||ing was performed with  bcftoo|s (Li,  2020) using the mu|tia||e|ic  
ca||er a|gorithm (-m) and a mutation rate prior of 2.8  × 10-9 . 

4.5  |  Bioinformatic ana|ysis: Differentia| 
expression and popu|ation ana|ysis 

Differentia| expression   ana|ysis was conducted using three ap-
proaches  in R:  DESeq2 (Anders & Huber,  2010), EBSeq (Leng   
et  a|.,  2013), and edgeR (Robinson et  a|.,  2010). The same  read count  
tab|e and gene  annotation fi|e  was  used across  a||  three  ana|yses.  
These fi|es and the scripts for a|| differentia|  expression ana|yses are 
avai|ab|e in  the  GitHub site  |isted be|ow.  Popu|ation genetic ana|yses  
were  conducted  in vcftoo|s  0.1.16 (Danecek  et a|.,  2011). Statistica|  
ana|yses  were conducted in  R  using  too|s  from the tidyverse suite  
1.2.1 (Wickham  et a|.,  2019)  and  adegenet  2.1.1  (Jombart,  2008). 
VCF fi|es were  ana|ysed using vcfR  1.8.0 (Knaus  &  Grunwa|d,  2017) 
and VariantAnnotation 1.28.2 (Obenchain et a|., 2014). 
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