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ABSTRACT – ENGLISH

ABSTRACT – ENGLISH

Eukaryotic  cilia  are  evolutionarily  conserved organelles  that  enable  cellular  motility  and  sensory

functions and were present in the last eukaryotic common ancestor (LECA). Cilia are cell appendages

composed of  microtubules,  emerging  from  a  basal  body  that  anchors  the  cilium within  the  cell,

facilitating  both  movement  and  perception  of  external  signals.  While  single-celled  eukaryotes

possess motile cilia that can also exhibit sensory functions, multicellular organisms exhibit two main

types: motile cilia, aiding 昀氀uid transport, and immotile primary cilia, which serve as sensory signalling

hubs for tissue development and homeostasis. Mutations in ciliary proteins lead to distinct clinical

pathogenic phenotypes, stemming from impaired signalling in primary cilia or reduced motility of

motile cilia. These classes of syndromes are termed ciliopathies, of which the Bardet-Biedl Syndrome

(BBS) is considered the archetypical ciliopathy. The BBSome is a highly conserved octameric complex

(BBS1,  2,  7,  9,  4,  8,  5,  and  18)  facilitating  ciliary  cargo  transport  by  linking  cargo  proteins  with

transport complexes. Research in cilia biology has traditionally focussed on the roles of BBSome and

chaperonin-like  BBS  proteins  (BBS6,  10,  12  –  required  in  the  assembly  of  the  BBsome)  in  cilia

assembly. Recent 昀椀ndings hint at novel functions for ciliary proteins, including vesicular transport,

mitotic  regulation,  and  cytokinesis,  and  nuclear-associated  tasks  like  chromatin  modulation  via

histones, gene regulation via transcription factor transport, and epigenetic modi昀椀cations via DNA

methylation.  In this thesis we comprehensively analysed human BBS protein nuclear localisation and

their  conservation  across  eukaryotes  through  phylogenetic  reconstructions.  We  found  that  BBS

proteins are highly conserved from LECA, and that some are even retained despite absence of other

BBS proteins. By signal sequence prediction and permutation analysis, the propensity of BBS proteins

to enter eukaryotic nuclei was assessed both across di昀昀erent taxa as well as di昀昀erent BBS proteins.

We found that the ability to enter the nucleus is una昀昀ected by mitotic nuclear envelope breakdown.

Exploring potential gene regulatory roles, non-model organisms, in this case insects, were considered

given their limited cilia expression as well as possible phenotypes linked to the regulatory roles of

BBS proteins. Honeybees provide promising BBS protein candidates for in昀氀uencing gene expression.

Furthermore,  this  thesis  examines  the co-evolution of  organelles  during  early  eukaryogenesis  by

integrating insights into ciliary proteins, nuclear pore complexes, and karyopherins. This sheds light

into  potential  processes  that  could  have  lead to  the acquisition of  nuclear  functions  during  the

transition to LECA, and provides a basis to identify possible conserved functions of BBS proteins in

otherwise disparate eukaryotic organisms. With this work, we gained new insights into the evolution

of nuclear localisation of BBS proteins across the entire eukaryotic Tree of Life. The results obtained

have implications for evolutionary and developmental biology alike, as they highlight the versatility

of ‘ciliary’ proteins to participate in diverse biological processes apart from ciliary transport. These

new functions might help explain ciliopathy phenotypes and elucidate disease mechanisms, and aid in

understanding early eukaryogenesis.
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ABSTRACT – DEUTSCH

ABSTRACT – DEUTSCH

Eukaryotische  Zilien  sind  konservierte  Organellen,  die  Motilität  und  sensorische  Funktionen

ermöglichen und beim letzten gemeinsamen Vorfahren der Eukaryoten (LECA) vorhanden waren.

Zilien sind Zellfortsätze, die aus Mikrotubuli bestehen und aus einem Basalkörper hervorgehen, der

das Zilium in der Zelle verankert  und sowohl die Bewegung als  auch die  Wahrnehmung externer

Signale  vermittelt. Während einzellige Eukaryoten bewegliche Zilien besitzen, die auch sensorische

Funktionen haben können, gibt es bei mehrzelligen Organismen zwei Haupttypen: bewegliche Zilien

zum  Flüssigkeitstransport,  und  unbewegliche  Primärzilien  als  sensorische  Signalzentren  für  die

Gewebeentwicklung  und Homöostase.  Mutationen in  Zilienproteinen führen zu  unterschiedlichen

pathologischen Phänotypen,  die  auf  eine  gestörte  Signalübertragung  oder  eine  verminderte

Beweglichkeit der Zilien zurückzuführen sind. Diese werden als Ziliopathien bezeichnet, von denen

das Bardet-Biedl-Syndrom (BBS) als  Archetyp gilt.  Das BBSome ist ein hochkonservierter Komplex

(BBS1,  2,  7,  9,  4,  8,  5  und  18),  der  den  ziliären  Ladungstransport  durch  die  Verknüpfung  von

Frachtproteinen mit Transportkomplexen erleichtert. Die Forschung im Bereich der Zilienbiologie hat

sich traditionell auf die Rolle des BBSome und der Chaperonin-ähnlichen BBS-Proteine (BBS6, 10, 12 -

die für  den Aufbau des BBsome erforderlich sind) konzentriert.  Jüngste Erkenntnisse deuten auf

neue  Funktionen  für  ziliäre  Proteine  hin,  darunter  Vesikeltransport,  mitotische  Regulation  und

Zytokinese sowie kernassoziierte Aufgaben wie Chromatinmodulation über Histone, Genregulation

über Transkriptionsfaktortransport  und epigenetische Modi昀椀kationen über  DNA-Methylierung.   In

dieser  Arbeit  wurde die  Kernlokalisierung  menschlicher  BBS-Proteine  und  ihre  Erhaltung  bei

Eukaryoten durch phylogenetische Rekonstruktionen umfassend analysiert.  BBS-Proteine sind  seit

LECA konserviert,  und in manchen Fällen trotz des Fehlens anderer BBS-Proteine erhalten. Durch

Signalsequenzvorhersage  wurde  die  Neigung  von  BBS-Proteinen,  in  eukaryotischen  Zellkernen

aufzutreten, untersucht.  Die Fähigkeit, in den Zellkern einzudringen, ist nicht durch den Abbau der

mitotischen Kernhülle beein昀氀usst. Bei der Untersuchung potenzieller Kernfunktionen wurden Nicht-

Modellorganismen,  in  diesem  Fall  Insekten,  in  Betracht  gezogen,  da  sie  nur  begrenzte

Zilienexpression  aufweisen,  aber  manche Phänotypen  durch  genregulatorische  E昀昀ekte  von  BBS-

Protein beein昀氀usst werden könnten. Honigbienen bieten vielversprechende BBS-Protein-Kandidaten

für die Beein昀氀ussung der Genexpression.  Zudem wird die Koevolution von Organellen während der

frühen Eukaryogenese untersucht, indem Erkenntnisse über ziliäre Proteine, Kernporenkomplexe und

Karyopherine  vereint werden.  Dies  beleuchtet mögliche  Prozesse,  die  zum  Erwerb  von

Kernfunktionen während des Übergangs zu LECA geführt haben könnten, und bietet eine Grundlage

für die Identi昀椀zierung möglicher konservierter eukaryotischer Kernfunktionen von BBS-Proteinen.

Dies ist für Evolutions-  und Entwicklungsbiologie von Bedeutung, da die Vielseitigkeit der "ziliären"

Proteine aufgezeigt wird, die neben dem ziliären Transport an verschiedenen biologischen Prozessen

beteiligt sind. Diese neuen Funktionen könnten dazu beitragen, die Phänotypen der Ziliopathie zu

erklären, Krankheitsmechanismen aufzuklären und die frühe Eukaryogenese besser zu verstehen.
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1. INTRODUCTION

1. INTRODUCTION

1.1. THE DOMAIN EUKARYA

The story of eukaryotic life on earth is one of the most successful stories of life and considered one

of the major transitions of cellular life forms  (Szathmáry and Smith, 1995). Eukaryotes comprise

some of the most complex organisms on earth, with a highly specialised compartmentalisation of

the cytosol that allows many different milieus for biochemical reactions to occur in a small space.

They are also the only taxon to contain multicellular life, at least from what is known so far. The

unifying theme behind eukaryotes is their defining feature, the nucleus. The nucleus (from Latin

nucleus,  ‘kernel, seed’)  contains the genetic information in eukaryotes (from Greek  εὖ, ‘proper,

true’ and  κάρυον,  ‘kernel,  seed’)  and  is  separated  from  the  remaining  cytosol,  in  contrast  to

prokaryotes where the genetic material is freely accessible in the cytosol. The separation of genetic

material  from  the  rest  of  the  eukaryotic  cell  came  with  the  advantage  of  sophisticated,

spatiotemporal  regulation  of  gene  expression  and  therefore  improved  tractability  of  life  cycle

stages. Through evolution, eukaryotes have diversified into many different groups inhabiting most

ecological  niches  (even  with  extreme  environmental  conditions)  that  are  summarised  in  the

eukaryotic Tree of Life.

The phylogenetic basis for the Tree of Life is the assumption that all eukaryotic lifeforms evolved

from a single common ancestor, LECA. With the radiation of eukaryotic lifeforms, new species

began occupying an astonishing spectrum of ecological niches that lead to the current plethora of

eukaryotes.  The  eukaryotic  Tree  of  Life  (eToL)  is  the  basis  for  all  modern  phylogenetic

reconstructions  of  relationships  between  species  of  eukaryotes.  Its  topology  is  dominated  by

supergroups,  organisms that  cluster  together  based on similar proteomic and genomic analyses.

Initially  eukaryotes  were  grouped  into  plants,  animals,  fungi,  and  protists  (which  in  principle

encompassed  every  organism that  did  not  fit  the  previous  groups)  (Whittaker,  1969),  but  this

classification  did  not  properly  resolve  the  relationships  within  the  so-called  protists.  With  the

advance of genomics, proteomics and molecular phylogenetics, incremental improvements have led

to  a  better  resolved  tree  that  is  currently  composed  of  eight  supergroups:  TSAR (telonemids,

stramenopiles,  alveolates,  and  Rhizaria),  Haptista,  Cryptista,  Archaeplastida,  Amorphea,  CruMs

(collodictyonids, Rigifilida,  Mantamonas), Discoba, Metamonada, Hemimastigophora, and orphan

clades with uncertain placement (Fig. 1) (Adl et al., 2019, 2005; Baldauf, 2003; Burki et al., 2020;

Keeling et al., 2005; Roger and Simpson, 2009; Simpson and Roger, 2004, 2002).
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1. INTRODUCTION

Eukaryotes are a diverse group of organisms ranging from single-celled to multicellular, but have a

core  set  of  defining  features  that  is  shared  between  them.  Through  endosymbiosis,  eukaryotes

gained  the  ability  to  generate  energy  within  their  cytoplasm  facilitated  by  mitochondria.

Mitochondria themselves can be found in various forms, e.g. as aerobic or anaerobic mitochondria,

hydrogenosomes or mitosomes (Müller et al., 2012), depending on their host lifestyle, and are also

regulators of various other functions such as apoptosis  (Roger et al., 2017).  Eukaryotes maintain

endomembrane organelles which are needed to spatially separate biochemical reactions and cellular

processes  (Fig.  2).  Two  of  them,  the  endoplasmic  reticulum  (ER)  and  Golgi  apparatus  (GA),

provide an interface for sequential protein modification, quality control and trafficking. Eukaryotes

separate transcription and translation and confined them in two respective organelles, the  nucleus

and the  ER. This allowed for better spatiotemporal management of gene regulation  (Martin and

Koonin, 2006) and likely contributed to evolvability of signal transduction cascades  (Poole et al.,

2

Figure  1: The eukaryotic Tree of Life.  Branches represent current crown taxa and are grouped into 'supergroups' with
correspondingly coloured branches. Grey branches are 'orphan' clades with uncertain placement within the tree, mostly
due to lacking data. Adapted from Burki et al., 2020.



1. INTRODUCTION

2003). The nucleus itself serves as a major regulator through selective permeability for proteins and

molecules: through nuclear pore complexes (NPCs) and cargo adaptors, the cell can regulate which

proteins enter the nucleus at specific times, resulting in an intricate balance of gene activation or

repression through various steps in signal transduction cascades. Further, eukaryotes developed a

novel structure termed the cilium that is used in locomotion and signal recognition throughout the

eToL (Carvalho-Santos  et  al.,  2011;  Hodges  et  al.,  2010).  The  cilium  is  a  microtubule-based

structure that extends from the cell body into the extracellular space and moves the cell by beating,

or, in the case of specialised primary cilia in animals, remains stationary. In all forms, it serves as a

signalling  hub  for  the  cell’s  surroundings,  emitting  and  receiving  signals  in  various  forms

(Bloodgood, 2010; Mitchell, 2007).  Cilia show high conservation not only in function, but also

proteomic makeup. This is best exemplified when looking at the movement of proteins within the

cilium. In cilia, this is called intraflagellar trafficking (IFT) and mediated through motor proteins

and cargo adaptor complexes, the IFT-A/B complexes and BBSome. 

3

Figure 2: Overview of an eukaryotic cell with organelles. Note that not all organelles are present
in all eukaryotes. Adapted from Ewerling et al., 2023b.



1. INTRODUCTION

All  these  organelles  most  likely  arose  sequentially,  although  the  exact  order  of  emergence  is

currently unknown. This means however that the proteomic environment in the evolving proto-

eukaryote was in constant flux, and without the boundaries of organelles had ample opportunity to

interact.  These  interactions  lie  at  the  heart  of  co-evolution,  and  are  best  exemplified  by  two

organelles: the nucleus and the cilium. Cilia influence gene expression after signal perception from

receptors  on  the  ciliary  surface,  and  a  several  ciliary  proteins  could  be  found  in  the  nucleus

(Ewerling et al., 2023b; Gascue et al., 2012; Horwitz and Birk, 2021; Scott et al., 2017; Shi et al.,

2018). On the other hand, cilia utilise mechanisms for nucleocytoplasmic translocation for ciliary

import and export (Dishinger et al., 2010; Huang et al., 2021), and vice versa nuclear proteins have

been found in cilia proteomes (Kee et al., 2012; Marquez et al., 2021). Why do these two organelles

use a shared set of proteins? Could they have co-evolved during eukaryogenesis? To answer these

questions, we need to examine the evolutionary history of both organelles, and analyse the steps that

were necessary to arrive at the status quo of cilia proteins localising to the nucleus.

1.2. THE NUCLEUS

Despite being ubiquitous in eukaryotes, the nucleus and its NPCs display significant variability

(Bapteste  et  al.,  2005).  Across  the  eToL,  both  have  undergone  lineage-specific  adaptations

(Fernandez-Martinez and Rout, 2021), reflecting their adaptability to various biological niches. The

NPC architecture remains consistent among eukaryotes (Fig. 3): nucleoporins (Nups) constitute a

core scaffold with linked outer and inner rings on the cytosolic and nucleosolic sides of the pore.

The  nucleoplasmic  face  is  integrated  into  the  nuclear  lamina.  Extending  in  both  directions,

cytoplasmic filaments form on the cytosolic face, while other proteins create the nuclear basket on

the  nuclear  face.  A central  channel  is  decorated  with  phenylalanine-glycine  (FG)  repeat  Nups,

forming a brush-like structure that  impedes free diffusion of molecules.  While this  structure is

foundational across eukaryotes, Nups themselves exhibit  substantial  structural, but not sequence

conservation (Alber et al., 2007; Asakawa et al., 2014; Cronshaw et al., 2002; Eibauer et al., 2015;

Fischer et al., 2015; Iwamoto et al., 2010; Kim et al., 2018; Kosinski et al., 2016; Mosalaganti et al.,

2018; Obado et al., 2016; Ori et al., 2013; Rout et al., 2000; Tamura et al., 2010). They share the

same ɑ-solenoid/β-propeller structure seen in descendants of the hypothetical protocoatomer. Nups

likely existed in LECA (Neumann et al., 2010) and expanded through paralogous duplication before

eukaryotic lineages diverged (Alber et al., 2007; Beck et al., 2018; Devos et al., 2004; Kim et al.,

2018; Kosinski et al.,  2016). Given their limited sequence conservation, the focus was on their

capacity to form the same complex in diverse ways rather than exact amino acid composition. Nups

4



1. INTRODUCTION

share relations with COP I and COP II family membrane coating proteins (Kim et al., 2018), along

with adaptin-like proteins  (Alber et  al.,  2007; Hoelz et  al.,  2016; Knockenhauer and Schwartz,

2016; Kosinski et al., 2016), and show modest sequence conservation across lineages (Bapteste et

al., 2005; DeGrasse et al., 2009; Mans et al., 2004). This counters a "nucleus-first" evolutionary

scenario and suggests potential co-evolution of the nucleus with the ER and GA, as both COP I and

COP II coats are vital for transport between these organelles and the plasma membrane. Given their

presence  in  the  nucleus,  primitive  forms  of  these  organelles  could  have  existed  during  NPC

evolution. The evolutionary roots of Nups (and other protocoatomer-derived proteins) likely trace

back  to  prokaryotic  and  archaeal  α-solenoid  and  β-propeller  domain  proteins  (Field  and Rout,

2019).  The  expansion of  this  protein  family  gave  rise  to  the  diverse  membrane coats  shaping

organelle identity and contributing to intricate multiprotein complexes in eukaryotic cells. Similarly,

early Nup precursor  proteins'  association with membranes  may have led to  primitive repetitive

structures  resembling  proto-NPCs  within  the  (potentially  incomplete)  nuclear  envelope  (NE).

Through duplications,  the NPC diversified in composition while retaining interaction sites with

other NPC subunits.

5



1. INTRODUCTION

NPCs are the gatekeeper to the nucleoplasm. They safeguard against undesired molecule entry with

phenylalanine-glycine (FG) moieties stemming from FG-Nups on both faces of the NPC (Alber et

al.,  2007;  Rout  et  al.,  2000).  FG  Nups  are  intrinsically  disordered  proteins  with  substantial

hydrodynamic  radii  that  effectively  further  pore  size  (Denning  et  al.,  2003).  Inter-  and

intramolecular electrostatic interactions among these FG-Nups  (Gehrke et al., 1997; Kawai et al.,

2003) prevent random passage through nuclear pore, maintaining high entropy within the NPC. FG-

Nups play a role in regulated entry and exit of proteins and molecules across the NPC by interaction

with  transporter  proteins,  the  karyopherins,  that  facilitate  nucleocytoplasmic  transport  of  the

proteins they associate with. Phylogenetic analysis suggests that LECA likely possessed a diverse

range  of  karyopherins  (Kaps)  (O’Reilly  et  al.,  2011).  These  proteins  predominantly  adopt  α-

solenoid/β-propeller structures, with HEAT and ARM repeats being the prominent domains (Bayliss

et al., 2002, 2000), and share a probable proto-coatomer origin akin to Nups and other membrane

coats. Functionally, they are often referred to as importins and exportins, depending on their roles in

respective pathways. Both importins and exportins serve as cargo adapters for nuclear proteins. The

interaction of Kaps with FG residues within NPCs through hydrophobic interactions enables the

Kap-cargo complex to surmount the entropy barrier that  typically impedes free cargo diffusion

6

Figure 3: Detailed structure of a nuclear pore complex (NPC). NPCs have eightfold radial symmetry. The NPC is anchored to
the NE membrane by transmembrane nucleoporins (Nups) (membrane ring). Membrane, inner, and outer rings associate
with each other to form a barrel-like structure with a central pore. Cargoes enter the nuclear pore at the docking site and
are transported  by  electro-  and  hydrostatic  interactions  with phenylalanine-glycine (FG)  residues.  FG  residues  convey
selective transport through the nuclear pore. Cargo complexes leave the pore through the nuclear basket. Transport into
the cytoplasm is analogous, with cargoes exiting from the export platforms. Adapted from Field and Rout, 2019.
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(Iovine et al., 1995). Despite the possibility of diffusion in the presence of FG repeats, specialised

import  and  export  proteins  compete  for  binding  sites  within  NPCs,  effectively  preventing

nonspecific passage through higher-affinity interactions (Jovanovic-Talisman et al., 2009; Zilman,

2009; Zilman et al., 2007). The pathways also rely on the RanGTP/RanGDP gradient across the NE

to ensure proper transport directionality. Importins, when bound to cargo, move through the NPC

(Izaurralde et al., 1997), releasing cargo within the nucleus before binding nucleoplasmic RanGTP

and undergoing export again. In the cytoplasm, hydrolysis of RanGTP to RanGDP frees importin

from the export complex for another cycle. For nuclear export, exportin associates with cargo and

nuclear  RanGTP,  forming  the  export  complex,  which  releases  cargo  in  the  cytoplasm through

RanGTP hydrolysis. This gradient holds critical importance for nucleocytoplasmic transport  (Lui

and Huang, 2009).  Interestingly,  Nups,  a  RanGTP/RanGDP gradient,  and karyopherins are also

present in cilia and fulfil in principle the same functions there as in the nucleus  (Dishinger et al.,

2010; Huang et  al.,  2021;  Marquez et  al.,  2021).  Given their  shared hypothetical ancestor,  this

argues strongly for an evolutionary relationship between cilia and the nucleus, and the proteins

needed for their functionality.

1.3. EUKARYOTIC CILIA

While  both  archaea  and  bacteria  possess  superficially  similar  structures  (archella  and  flagella,

respectively), the eukaryotic cilium is a structure whose building blocks do not have homologues in

the bacterial or achaeal proteomes  from what we know so far.  Cilia are an eukaryotic innovation

dating back to LECA and represent one of its defining features  (Koumandou et al., 2013). While

cilia can be found across all major eukaryotic lineages, secondary losses have occurred frequently

(Carvalho-Santos et al., 2011; Hodges et al., 2010). The eukaryotic cilium functions as a specialised

signalling  structure  abundant  in  receptors  and  contributing  to  locomotion  (Bloodgood,  2010;

Mitchell,  2007;  Satir  et  al.,  2008).  Although often labelled as  an "organelle,"  this  term can be

misleading  since  cilia  lack  a  continuous  membrane  that  would  define  compartmentalisation.

Anchored by the basal body, a barrel-like structure composed of nine symmetrically arranged MT

triplets,  cilia extend into the extracellular space via the ciliary axoneme, which consists of MT

doublets  sheathed by the  plasma membrane,  with  motile  cilia  containing a  central  pair  (9  + 2

architecture) that is lacking in immotile cilia (9 + 0) (Fig. 4). The ciliary base is enclosed by the

transition zone, a specialised protein compartment regulating ciliary molecule sorting, entry, and

exit  (Hu et al., 2010). Contemporary eukaryotes showcase diverse cilia forms, ranging from the

immotile primary cilia specific to Metazoa to the prevalence of motile cilia in most single-celled
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eukaryotes. However, all these variants likely trace back to the LECA cilium, which performed

similar functions and employed comparable molecular mechanisms for assembly, disassembly, and

maintenance, as seen in present-day eukaryotes. As cilia and basal body structures are conserved, so

are the proteomes, with essential components largely consistent in most ciliated species (Hodges et

al.,  2011;  Wickstead  and  Gull,  2007).  The  A-  and  B-tubules  of  axonemal  doublets  serve  as

highways  for  ciliary  trafficking  essential  for  cilium  assembly,  disassembly,  and  maintenance.

Highly conserved IFT complexes IFT-A, IFT-B, and the BBSome move along these tracks using

kinesin-2 (anterograde) or dynein 1b/cytoplasmic dynein 2 (retrograde) motor proteins. These motor

proteins link with ciliary cargo proteins, such as transmembrane receptors, via the BBSome as an

adaptor  complex  (Prevo  et  al.,  2017;  Taschner  and  Lorentzen,  2016).  This  well-conserved

machinery likely evolved from protocoatomer diversification during the transition from FECA to

LECA, contributing to the shaping of the organellar landscape (van Dam et al., 2013).

8
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1.3.1. CILIOPATHIES

Extant cilia serve two major function. On the one hand, cilia either help organisms and cells move

through  their  surroundings  (protists,  sperm  cells)  and  move  fluids  across  surfaces  (ciliated

epithelia); on the other hand, they are enriched with receptors and sense environmental cues, from

9

Figure 4: Overview of an eukaryotic cilium. Typical architecture of motile (9 + 2) and immotile (9 + 0) cilia. Cargo proteins
enter and exit the cilium through the transition zone at the ciliary base. Selectivity is facilitated by transition 昀椀bres, Y-
linkers, and protein complexes at the transition zone. The ciliary axoneme consists of microtubular A- and B-tubules, which
polymerise from αβ-tubulin dimers.
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both biotic and abiotic sources. The immotile primary cilia of animals have specialised in signalling

functions and play a crucial  part  in  development  and tissue maturation  (Anvarian et  al.,  2019;

Blitzer et al., 2011; Luo et al., 2014; Veland et al., 2009). As other eukaryotic cilia, they rely on IFT

for  assembly,  maintenance,  and  disassembly.  Conversely,  any  disruption  in  IFT  leads  to  a

malfunction  in  ciliary  function.  In  humans,  these  malfunctions  cause  distinct  clinical  disease

phenotypes, fittingly called ciliopathies (Badano et al., 2006). Ciliopathies arise from mutations in

cilia-related  genes,  and  proteins  in  the  same  functional  pathway  cause  overlapping  disease

phenotypes (Table 1). Within this ever expanding class of diseases, the predominant phenotypes

include retinopathy,  obesity,  polydactyly,  renal failure,  situs inversus,  and cognitive  impairment

(Braun and Hildebrandt, 2017; Kenny and Beales, 2013). The archetypical ciliopathy is the Bardet-

Biedl Syndrome (BBS)  (Bardet, 1920; Biedl, 1922) as patients display all hallmark symptoms of

other ciliopathies  (Forsythe and Beales, 2013). The causative mutations for this syndrome can be

found in the BBS proteins. BBS proteins form the BBSome (BBS1, 2, 7, 9, 4, 8, 5, 18) (Nachury et

al., 2007), aid in folding the BBSome (BBS6, 10, 12) (Seo et al., 2010), or fulfil other function in

the vicinity of the cilium. To date, 24 different BBS proteins are known (Florea et al., 2021), and the

number  continues  to  grow.  There  is  limited  genotype  to  phenotype  correlational  with  affected

siblings often experiencing differing symptoms, and symptoms can arise at variable stages during

life. Clearly there must be underlying mechanisms that cause this variability. Research into the non-

ciliary functions of BBS proteins might be a promising  avenue to  explore this phenomenon. For

some cilia proteins, studies have been conducted in mammalian cells and could partially explain

certain  aspects  of  the  disease  phenotype  (Gascue  et  al.,  2012;  Scott  et  al.,  2017).  However,

comprehensive  approaches  are  still  missing.  Exploring  this  new  topic  in  cilia  biology  could

potentially  harbour  answers  to  how  ciliopathies  can  be  so  phenotypically  plastic  while  the

confounding factors are the same.
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Table 1: Ciliopathies and associated phenotypes. Adapted from Kenny and Beales, 2013. Abbreviations: BBS, Bardet-Biedl
Syndrome; ALMS, Alström Syndrome; JATD, Jeune Syndrome; JBTS, Joubert Syndrome; LCA, Leber’s congenital amaurosis;
MKKS,  McKusick-Kaufman Syndrome;  MKS,  Meckel-Gruber  Syndrome;  NPHP,  Nephronophthisis;  OFD,  Oro-facial-digital
syndrome Type 1; SLS, Senior-Løken Syndrome.

BBS ALMS JATD JBTS LCA MKKS MKS NPHP OFD1 SLS

RETINOPATHY        

OBESITY  

POLYDACTYLY       

RENAL FAILURE       

SITUS INVERSUS    

COGNITIVE 
IMPAIRMENT

      

1.4. ORIGIN OF EUKARYOTIC LIFE

Although eukaryotes are an incredibly diverse group, they all likely trace back to a single common

ancestral  lifeform,  LECA.  This  hypothetical  ancestor  separated from  Archaea  potentially  ~1.8

billion years ago  (Betts et al., 2018). Recent advances in phylogenetic reconstruction of several

protein families have started to paint a clearer picture of what this organism may have looked like

(Bremer et al., 2023, 2022; Skejo et al., 2021) and what it was capable of. However, it is mandatory

to take a closer look at how LECA came to be in the first place, and then trace back its features and

evolution.

Together with Eubacteria and Archaebacteria (or simply Archaea), eukaryotes comprise the three

extant domains of life. Two models for the ontology of the Tree of Life exist: in its crudest form, the

three-domain-model was proposed first by Ernst Haeckel in 1866 (Haeckel, 1866) and re-defined in

the late 1970s  (Woese and Fox, 1977) based on rRNA sequence comparisons. It postulated that

besides the typical bacteria, there is a branch of methanogenic bacteria called archaebacteria and a
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branch of “urkaryotes” that would have been the progenitors of modern eukaryotes. Interestingly,

Woese and Fox already concluded  that what they termed archaebacteria “appear to be no more

related to typical bacteria than they are to eukaryotic cytoplasms”, meaning they are most likely

sister  lineages  rather  than  a  subset  of  eubacteria.  They  further  stated  “[o]ne  of  the  three  may

represent a far earlier bifurcation than the other two, making there in effect only two urkingdoms”

and in principle establishing the final three-domain-model. And eukaryotes are indeed more closely

related to archaeal lifeforms in terms of transcriptional and translational machineries, suggesting

they are more closely related than eubacteria and eukaryotes.

The second model states a two-domain structure after the bifurcation of eubacteria and archaea, and

that  eukaryotes  arose  from  within  archae  and  are  monophyletic  with  them.  This  theory  was

dismissed by some researchers  (Forterre, 2013) that argued that the ancestor of eukaryotes arose

from  an  endosymbiotic  event  between  a  bacterium  from  the  PVC  (Planctomycetes,

Verrucomicrobia,  Chlamydiae)  phylum  and  an  engulfed  thaumarchaeal  cell. Hallmark  features

would have been contributed through archaea, bacteria, and viruses. Subsequent studies however

deemed this scenario to be convergent evolution rather than homology, refuting this as the origin of

endomembrane organelles (McInerney et al., 2011). 

Both models existed for a long time without any obvious reasons for either to be more reasonable

than the other  (Forterre, 2011; Gribaldo et al.,  2010). And while the initial three-domain-model

acknowledges a close proximity of Archaea and Eukarya, the lack of data and modern phylogenetic

methods impeded the development of the theory which might have led to the closely related, current

hypothesis  of eukaryogenesis.  The two-domain model gained new momentum when in 2015, a

group of researchers ventured into the deep, more specifically to a deep-sea vent named Loki’s

Castle  located  between  Norway  and  Greenland.  They  recovered  samples  of  a  novel  archaeal

lineaged they called ‘Lokiarchaeota’ (Spang et al., 2015) that showed astonishing similarities to

eukaryotes on a protein level. The novel lineage was found to be part of a superphylum containing

Thaumarchaeota, Aigarchaeota, Crenarchaeota, and Korarchaeota (TACK) and, later, to form the

group  of  Asgardarchaea,  together  with  Thorarchaeota  (Seitz  et  al.,  2016),  Odinarchaeota,  and

Heimdallarchaeota (Zaremba-Niedzwiedzka et al., 2017). The Asgardarchaea beared signatures of

eukaryotic signal proteins (ESPs) across all phyla, namely an extensively expanded family of small

GTPases, actin-related proteins, ‘proto’-ESCRT proteins related to eukaryotic ESCRT I, II, and II

complexes  required  for  membrane  coating,  components  of  the  ubiquitylation  system,  and

glycosylation and translocation pathway homologues (Spang et al., 2017; Zaremba-Niedzwiedzka et
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al., 2017). Phylogenetic analyses confidently placed the root of eukaryotes within this group, based

on  ribosomal  RNA  comparisons  (Zaremba-Niedzwiedzka  et  al.,  2017).  This  made  the

Asgardarchaea the closest relatives of eukaryotes to this date, and solidifies the two-domain model

where eukaryotes arose from within archaea.

But  given  that  eukaryotes  arose  from  within  archaea,  how  did  they  arrive  at  their  current

morphology? How was the archaeal isoprene-based lipid ether membrane(Langworthy et al., 1972)

replaced by the phospholipid bilayer seen in extant eukaryotes? How did the numerous membrane-

bounded organelles like ER, GA, and endosomes, mitochondria and chloroplasts, and the namesake

of the domain, the nucleus, arise? The answer to those questions lies in the endosymbiosis theory, a

concept first put forward in the early 20th century (Mereschkowsky, 1905), neglected, rediscovered,

and refined over the following decades (De Duve, 1969; John and Whatley, 1975; Margulis, 1970;

Martin, 2017, 1999; Raven, 1970; Sagan, 1967; Wallin, 1923). 

1.5. EUKARYOGENESIS: EVOLUTION FROM FECA TO LECA

Eukaryotes most likely arose from an endosymbiotic event. The most tenable hypothesis today is

that  an  ancestral  prokaryotic  cell  (likely  a  relative  of  Lokiarchaea,  based  on  phylogenetic

reconstructions)  engulfed  an  anaerobic  α-Proteobacterium  that  would  later  become  the

mitochondrion of all subsequent eukaryotic lineages (Fig. 5). In the case of Archaeplastida (green

plants), Rhodophyta (red algae), Excavata (including e.g. Euglenids) and Chromalveolata (including

e.g. brown algae), one or multiple secondary acquisitions of photosynthetic cyanobacteria (and even

other eukaryotes) have led to a complex manifold of plastids with a diverse range of functions

(Keeling, 2010; Strassert et al., 2021). Over the years, many other theories have been put forward to

explain the current set of eukaryotic organelles and machineries, all with their own advantages and

shortcomings (de Duve, 2007; Devos and Reynaud, 2010; Forterre, 2002; Kurland et al., 2006; Van

Valen and Maiorana, 1980). Currently, the most likely evolutionary scenario now is the acquisition

of an endosymbiotic bacterium by an archaeon and the establishment of the endomembrane system,

resulting in a rather complex LECA.
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Figure 5: The Tree of Life from an endosymbiotic point of view. The last universal common ancestor (LUCA) split into the
eubacterial and archaeal lineage. The dawn of eukaryotes began with the engulfment of an -Proteobacterium by aɑ

relative of  Asgardarchaea,  resulting in  the last  eukaryotic  common ancestor  (LECA).  A second endosymbiosis  event
occurred between a descendent of LECA and a cyanobacterium, resulting in green and red algae. Several secondary and
tertiary endosymbioses of red and green algae and previous symbiotic eukaryotes by other eukaryotes resulted in multi-
layered plastids seen in several lineages. LECA, last eukaryotic common ancestor; LUCA, last universal common ancestar;
TACK, Thaumarchaeota, Aigarchaeota, Crenarchaeota, Korarchaeota. Adapted from Keeling, 2010, McFadden, 2001, and
Rout and Field, 2017.
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1.5.1. FECA

The first  eukaryotic  common ancestor  (FECA) was most  likely related to  Lokiarchaea and the

vessel from which eukaryotes evolved (Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017). It

contained relatives  of crucial information processing tools found in extant eukaryotes, including

homologues  to  the  eukaryotic  translation  initiation  factor  EIF1,  Topoisomerase  IB,  RNA

polymerase G  (Spang et  al.,  2015),  DNA polymerase  ε-like,  RNA polymerase A  (Spang et  al.,

2017), and ancestrally related versions of the proteins that compact and bind DNA in eukaryotes,

histones  (Sandman and Reeve, 2006, 1998). This ancestral cell additionally contained membrane-

deforming proteins that are likely the ancestors of eukaryotic membrane coat proteins (Samson et

al.,  2008),  but  will  be  discussed  later.  This  cell  then  went  on  to  acquire  an  endosymbiotic  α-

Proteobacterium,  although  it  is  currently  not  clear  by  which  mechanism.  Many  argued  for

endocytosis as the basis for the engulfment and subsequent incorporation of the bacterium into the

archaeal  cytosol  based  on  the  theory  of  Margulis,  then  named  Sagan  (Cavalier-Smith,  2002;

Doolittle,  1998;  Poole and Gribaldo, 2014;  Roger  et  al.,  2017; Sagan,  1967).  The incorporated

bacterium would then in principle be an unprocessed food vesicle, “an undigested meal” (Bremer et

al.,  2022).  Recent  advances  in  phylogenetic  reconstruction  (Bremer  et  al.,  2022) and  the

consideration of environmental factors (like low oxygenation) during early eukaryotic evolution

(Mills et al., 2022) now diverge from the previous theories by tracing back mitochondria, but not

phagocytosis  (or  even  phagotrophy),  to  LECA.  Additional  biochemical  studies  show  that

phagocytosis  and  membrane-dependent  ATP  synthesis  are  mutually  exclusive,  and  that  a

phagocytotic lifestyle would not have been beneficial to the archaeal host  (Martin et al., 2017).

Phagocytosis is however not needed to acquire mitochondria in the first place, as recent studies

show  that  membrane  fusion  events  can  be  seen  in  extant  archaea  without  homologues  to

phagocytotic  processes  (Naor and Gophna,  2013).  It  is  then conceivable  to  imagine a  scenario

where free-living relatives of facultatively aerobic α-Proteobacteria were in such close proximity to

the future anaerobic archaeal host (Martin and Müller, 1998) that the larger host’s cytoplasm could

engulf the bacterium at one point, rendering the bacterium unable to escape, and thus leading to

replication of the bacterium within the new host cell (Fig. 6). This theory does not necessitate an

explanation of how the bacterium was not  digested,  and paves the way to a metabolism-based

symbiotic origin of mitochondria: under anaerobic conditions within the host, the bacterium could

produce hydrogen,  delivering  a  source  of  food to  the  host.  The relationship  between host  and

symbiont  could  then  be  further  developed  on  this  basis,  resulting  in  genome reduction  of  the
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endosymbiotic bacterium and lateral gene transfer to the host genome. Additionally, this hypothesis

explains  how  the  archaeal  isoprene  ether  membrane  could  be  replaced  by  a  fatty  acid  ester

membrane  found  in  eukaryotes  and  bacteria  (Gould  et  al.,  2016).  This  early-mitochondrion-

hypothesis provides a robust biochemical and genetic base for further innovations in the developing

eukaryote on its way to LECA.

1.5.2. THE TRANSITIONAL PROTO-EUKARYOTE

The endosymbiosis theory of archaeal host and bacterial symbiont results in a quandary regarding

cell morphology: While it explains the energy metabolic advantages of such a relationship to early

proto-eukaryotes,  it  also results  in  a  non-eukaryotic  cell  membrane.  The archaeal  membrane is

comprised  of  isoprene  ethers,  while  eukaryotic  membranes  are  fatty  acid  esters.  Interestingly,

mitochondria,  bacteria  and  archaea  all  possess  the  ability  to  secrete  vesicles  from  their  outer

16

Figure 6: Theory for endosymbiotic replacement of archaeal isoprene ethers with bacterial fatty acid esters. Secreted outer
membrane vesicles (OMVs) composed of fatty acid esters originating from the engulfed -Proteobacterium probably 昀椀rstɑ

fused with the host membrane surrounding the bacterium, slowly replacing the isoprene ethers. Further secretion into the
host’s cytosol led to accumulation of OMVs, fusion thereof, and resulted in a crude endoplasmic reticulum (ER). OMVs then
further integrated into the host’s plasma membrane, and with them the vesicles from the proto-ER, probably along with
proteins anchored in the fatty acid ester layer. Evolutionary advantage then led to a gradual loss of the isoprene ether
membrane. Adapted from Gould et al., 2016.
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membrane (Benaim et al., 1990; Braschi et al., 2010; Cook et al., 2014; Deatherage and Cookson,

2012; Grimm et al., 1998; Lee et al., 2009; Schwechheimer and Kuehn, 2015; Soubannier et al.,

2012). This ability might have shaped the early proto-eukaryote’s cytosol and outer membrane:

With nowhere else to go, outer membrane vesicles (OMVs) of the bacterial endosymbiont could

only accumulate in the host’s cytoplasm, eventually fusing and forming a structure akin to a proto-

ER, or travelling to the host’s membrane and gradually replacing the ethers with esters (Gould et al.,

2016). This establishes the basic functionality and topology of the ER in extant eukaryotes, without

the need of evolutionary innovation other than the endosymbiotic transition.

With a proto-ER in place and a source for energy at hand, the proteomic makeup of the archaeal

host provides a solid ground for evolutionary innovation of existing systems. As mentioned before,

archaea possess homologues to eukaryotic information processing. With a source of fatty acid esters

that  is  the  bacterial  OMV-derived  proto-ER,  the  remaining  eukaryotic  membrane-bounded

organelles could have evolved as a consequence of co-evolution of archaeal and bacterial secretion

systems  and  membrane-deforming  proteins.  And  indeed,  many  of  the  proteins  associated  with

vesicular transport and membrane-defining proteins have homologues in both archaea and bacteria

(Dacks and Field, 2007, 2007; Field et al., 2011; Field and Dacks, 2009; Leung et al., 2008; Rout

and Field, 2017; Schlacht, 2016). 

1.5.3. LECA

The intricate interplay between archaeal and bacterial  proteins and systems likely catalysed the

innovation that enabled eukaryotic cells to thrive in diverse ecological niches. Emerging research

proposes  that  LECA was  characterised  by  distinctive  features  such as  the  cilium and  efficient

recombination of genetic information through sexual reproduction (Bremer et al., 2023; Kontou et

al., 2022; Koumandou et al., 2013; O’Malley et al., 2019; Skejo et al., 2021). LECA likely existed

as a syncytial cell, affording it the ability to buffer against instabilities and deleterious mutations

that  could  be  disadvantageous  for  single-celled  organisms  (Skejo  et  al.,  2021).  Phylogenetic

analysis of LECA reveals a surprisingly complex entity equipped with characteristic organelles seen

in  contemporary  eukaryotes,  boasting  proteomic  diversity  that  often  equals  or  exceeds  that  of

present-day  eukaryotic  organisms  (Koumandou  et  al.,  2013).   A compelling  focus  emerges  on

membrane coating complexes,  dynamic entities  that  have profoundly influenced the identity  of

organelles during eukaryotic evolution and continue to evolve in present-day species. In order to

manage  the  intricacies  of  multiple  organelles,  LECA featured  a  well-defined  array  of  distinct
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trafficking pathways to and from organelles and the plasma membrane, ensuring accurate cargo

delivery and precise transport directionality.

1.6. MEMBRANE COATING COMPLEXES

On its  way to  becoming  LECA,  the  proto-eukaryote  not  only  remodelled  a  source  for  energy

metabolism  (via the acquisition of mitochondria), it also acquired a sophisticated endomembrane

system,  with  distinct  organelles  for  specialised functions  such as  protein  synthesis,  import  and

export of vesicles and biomolecules, and digestion, as well as a container for genetic information.

The organellar constitution of extant eukaryotes encompasses the ER, GA, endo-/lysosomes, and

the nucleus, a set that was likely present in LECA (Dacks and Field, 2007; Elias et al., 2012; Field

et al., 2007; Field and Dacks, 2009; Koumandou et al., 2007). All of these compartments require a

scaffold that deforms and stabilises membranes in a reversible fashion, i.e. to not only form vesicles

or curved membranes, but also to release them again (Fig. 7). Different classes of membrane coats

act in a concerted manner to fulfil these tasks and are predominantly found in only one type of

membrane, although exceptions to this rule exist. In the vane of this notion, the organellar paralogy

model was formulated, stating that by diversification of an ancient, uniform set of coating proteins,

the membrane-bounded organelles were shaped and assigned each a subset of proteins to facilitate

directionality in trafficking (Dacks and Field, 2007).
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1.6.1. PROTOCOATOMER-DERIVED COATS

The  endosymbiotic  relationship  allowed  the  proto-eukaryote  to  choose  from a  wide  variety  of

adaptable protein architectures that were once exclusive to either archaea or bacteria. One class of

proteins that  evolved into membrane coats are the  ɑ-solenoid/β-propeller  domain proteins.  The

basic fold motifs of these

proteins  can  be  traced

back  to  prokaryotes,

although  separately

(Chaudhuri  et  al.,  2008;

Karpenahalli et al., 2007;

Kobe and Kajava, 2000;

Smith,  2013);  the

combination  of  both  is

only  widespread  in

eukaryotes,  not

prokaryotes  (Devos  et

al.,  2004).  These  folds

are  readily  obtainable

and  have  low

requirements  for

sequence  conservation,

making  them  malleable

templates  to  adapt  to

different  functions  and

drive  evolution

(Marcotte  et  al.,  1999).

Due  to  their  high

sequence  variability,

definitive  ancestors  to

proteins of these families

are  hard  to  trace  back

before  LECA,  but  it  is
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Figure 7: Overview of protocoatomer-derived vesicle coats in eukaryotes. Coats can
roughly be grouped into type I coats (adaptin, BBSome/IFT, clathrin, COP I) and type
II coats (COP II). While type I coats mostly enable inward tra昀케cking from plasma
membrane  to  endosomes  and  Golgi  apparatus  (GA),  and  GA  to  endoplasmic
reticulum  (ER),  type  II  coats  facilitate  tra昀케cking  from  ER  to  GA.  Note  that
IFT/BBSome proteins  are  technically  not  vesicle  coats,  but  are  related  via  their
protocoatomer ancestor. Adapted from Field et al., 2011.
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likely  that  each  of  the  groups  was  already  present  in  LECA  (Field  et  al.,  2011).  In  fact,  the

combination is  thought  to  have emerged rather early in  the transition period after  FECA, with

Armadillo and HEAT repeats being widely present throughout eyukaryotes  (Andrade et al., 2001;

Cingolani et al., 1999; Smith et al., 1999). The relatively low evolutionary pressure on sequence

conservation led to a rapid diversification of these proteins and novel roles in various locations

(Andrade et al., 2001; Malik et al., 1997; Smith et al., 1999). Many extant membrane coats have this

arrangement of domains, which lead to the formulation of the protocoatomer hypothesis (Devos et

al., 2006, 2004; Dokudovskaya et al., 2011; Field and Dacks, 2009; van Dam et al., 2013). The

protocoatomer is a hypothetical complex of membrane-deforming protein coats that gave rise to

three distinct groups of membrane coats seen in extant eukaryotes: the type I coats, type II coats,

and the IFT/BBSome proteins  (Beck et al., 2018; Dacks and Robinson, 2017; Jékely and Arendt,

2006;  Jin  et  al.,  2010;  Satir  et  al.,  2008;  van  Dam et  al.,  2013).  Other  notable  members  are

HOPS/CORVET, SEA and clathrin family proteins (Field et al., 2011), but are less relevant for the

topic of this work; we will focus on the closely related type I, type II, and IFT coats and their

entangled evolutionary history.

1.6.1.1. TYPE I COATS

The type I family of coats consists of COPI, adaptins, and clathrin. In the secretory pathway from

ER to GA and the plasma membrane/endosomes, COPI can be found on vesicles that originate from

the  cis-GA and travel towards the ER (Beck et al., 2009; Duden, 2003; Lee et al., 2004; Spang,

2009). They can also be found on some endosomal cargoes, and are required for lipid homeostasis,

mRNA transport, and NE breakdown (Aniento et al., 1996; Beller et al., 2008; Bi et al., 2007; Daro

et al., 1997; Gabriely et al., 2007; Gu et al., 1997; Guo et al., 1994; Liu et al., 2003; Prunuske et al.,

2006; Razi et al., 2009; Soni et al., 2009; Thiam et al., 2013; Todd et al., 2013; Trautwein et al.,

2004;  Wilfling  et  al.,  2014;  Zabezhinsky  et  al.,  2016).  Adaptins  bridge  the  gap  of  retrograde

trafficking  of  vesicles  from  the  plasma  membrane  inwards  to  the  trans-GA and  to  early  and

recycling endosomes.  They further  sort  cargo to  the late  endosome or  lysosome and thus play

crucial roles in homeostasis. Adaptins also serve as cargo adaptors of clathrin-coated vesicles and

plasma membrane invaginations (Edeling et al., 2006; Paczkowski et al., 2015). Clathrin is recruited

to vesicles budding from the plasma membrane,  the  trans-Golgi  network,  and endosomes,  and

forms a cage coating the vesicle (Vigers et al., 1986).
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1.6.1.2. TYPE II COATS

Type II family coats are COPII and HOPS  /CORVET (Koumandou et al., 2007). COPII proteins

facilitate  the  anterograde  transport  of  vesicles  from  the  ER  towards  Golgi,  while  the

HOPS/CORVET coats are also involved in early to late endosomal sorting, and late endosome to

lysosome/vacuole transport. 

1.6.1.3. IFT AND BBSOME

Although  technically  derived  from a  membrane-deforming  ancestor  complex  (van  Dam et  al.,

2013),  the  proteins  facilitating  IFT in  eukaryotic  cilia  are  not  able  to  deform  membranes  by

themselves  (Jin  et  al.,  2010).  However,  like  NPCs,  they  are  associated  with  membranes.  The

ancestral structure of IFT and BBSome proteins BBS4 and BBS8 is related to COPIε (van Dam et

al., 2013) and first split into the proto-BBSome and proto-IFT, the latter of which then split into

IFT-A and IFT-B (van Dam et al., 2013). IFT complexes are heterooligomeric complexes, with IFT-

A comprised of six different proteins (IFT-144, 140, 139, 122, 121, and 43), while IFT-B contains

16 proteins (IFT-172, 88, 81, 80, 74, 70, 57, 56, 54, 52, 46, 38, 27, 25, 22, and 20). The BBSome

consists of eight proteins from four subclasses: proteins containing a β-propeller and an ɑ-solenoid

followed by a  ɣ-adaptin ear (BBS1) and followed by an  ɑ/β-platform and  ɑ-helix (BBS2, BBS7,

and BBS9); TPR proteins (BBS4, 8); PH-domain proteins with C-terminal  ɑ-helices (BBS5); and

short  ɑ-helical linker proteins (BBS18) (Fig. 8). The BBSome itself is assembled in a step-wise

process  (Klink et al.,  2020) aided in animals by the CCT/TRiC-associated chaperonin-like BBS

proteins BBS6,  10,  and 12  (Seo et  al.,  2010;  Zhang et  al.,  2012).  While  parts  of  IFT and the

BBSome share the overall  ɑ-solenoid/β-propeller structure of other protocoatomer-derived coats

(van Dam et al., 2013), they are also strikingly conserved on a sequence level across eukaryotic

species (Ewerling et al., 2023b; Hodges et al., 2011, 2010). This is most likely owed to their highly

conserved functions in ciliary trafficking. IFT complexes link ciliary cargo proteins to motors like

cytoplasmic  dynein 2/dynein 1b and kinesin-2 to  facilitate  movement to  and within the ciliary

lumen  (Ou et al., 2005; Prevo et al.,  2017), where kinesin-2 moves towards the ciliary tip, and

dynein 1b towards the ciliary base. The BBSome on the other hand links the IFT particles to ciliary

cargo, like GPCRs to traverse the diffusion barrier at the base of cilia. All complexes are needed for

classical ciliogenesis and functionality of cilia, albeit to a differing extent. While in mammals, loss

of BBS proteins has detrimental effects and results in ciliopathies  (Badano et al.,  2006; Beales,

2005; Braun and Hildebrandt, 2017), the green alga Chlamydomonas reinhardtii has a reduced role

for the BBSome, and is viable with mutated BBS proteins (Lechtreck et al., 2009). 
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1.7. NON-CILIARY FUNCTIONS OF CILIARY PROTEINS

Recent studies could show that parts  of  the ciliary trafficking complexes also localise to  other

compartments and structures than the cilium. Interestingly, they do so on their own rather than as a

complex (Asiedu et al., 2009; Bachmann-Gagescu et al., 2011; Chaki et al., 2012; Choi et al., 2013;

den Dulk et al., 2008; Ewerling et al., 2023b; Gascue et al., 2012; Horwitz and Birk, 2021; Hsiao et

al., 2009; Kim et al., 2005; May-Simera et al., 2009; Robert et al., 2007; Scott et al., 2017; Shi et

al., 2018; Zhu et al., 2015), indicating that their non-ciliary function depends on the protein itself

and  is  likely  independent  of  their  function  in  their  respective  complexes.  Ciliary  proteins  are

therefore  most  likely  multifunctional  proteins.  While  their  function  and  relevance  are  most

commonly studied in a ciliary context, the non-ciliary functions are however not to be neglected. In

mammals, the non-ciliary functions may even be causative of multisystemic diseases (Scott et al.,

2017), and may contribute to phenotypic variations in different ciliopathies as suggested above.

While the ciliary functions might be well documented, examining the non-ciliary functions may

shed light on the evolutionary relationship between different organelles and by extension,  early

eukaryogenesis. Most of the information about non-ciliary functions currently comes from studies
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Figure  8:  The  BBSome,  its  protein  families,  and  chaperonin-like  BBS  proteins.  The  BBSome  assembles  into  a
heterooctameric complex, with BBS1, 2, and 7 forming a ‘head’,  and BBS4, 5,  8,  9,  and 18 forming the ‘body’.
Proteins from the BBSome can be grouped according to their protein architecture (right). The chaperonin-like BBS
proteins BBS6, 10, and 12 have less strictly de昀椀ned protein domains, but share a basic palindromic architecture of
equatorial domain, intermediate domain, apical domain, intermediate domain, equatorial domain. Adapted from
Ewerling et al., 2023b.



1. INTRODUCTION

in  animal  systems,  owed to  their  relevance to  understanding the  disease  phenotype of  various

ciliopathies. However, given the conserved character of ciliary proteins, it is highly likely that other

members of this group also have additional functions outside of Metazoa, offering alternative study

systems to explore these functions..

1.7.1. MICROTUBULAR CARGO TRANSPORT

Ciliary trafficking originated from cytosolic MT trafficking. As such, it is reasonable to find ciliary

proteins taking up a role in cytosolic vesicle trafficking. During mammalian ciliogenesis,  the BB

moves  from  the  vicinity  of  the  nucleus  into  close  proximity  of  the  plasma  membrane  where

preciliary vesicles attach to the distal end of the BB. This process, along with endocytotic activity, is

disrupted when Ahi1 is not present in murine cells (Hsiao et al., 2009). Ahi1 is a scaffolding protein

required  for  Rab8  localisation  to  the  BB  during  ciliogenesis.  Mutations  in  the  human  AHI1

homologue lead to Joubert syndrome, a severe ciliopathy with predominantly neural and kidney

phenotypes. There is obviously a dual role for Ahi1 in ciliary and cytosolic vesicle transport. A

similar function can be ascribed to the BB protein cc2d2a, a ciliary protein involved in the correct

localisation of transmembrane receptors of photoreceptor outer segments in zebrafish: mutations in

the gene underlying the protein lead to Joubert syndrome by a similar mechanism, affecting vesicle

trafficking in photoreceptor cells and leading to the mislocalisation of Rab8 (Bachmann-Gagescu et

al., 2011). A recent study has implied that translocation of the BB to the immune synapse relies on

BBS1 in human T-cells (Cassioli et al., 2021), one of the few cell types to be known that does not

assemble cilia.

1.7.2. CELL CYCLE CONTROL AND MITOSIS

Cilia and cell cycle are intrinsically linked. In mammals, only cells in interphase display cilia, and

disassemble them prior to cell cycle entry. The reason behind this is that the ciliary BB doubles as

the centriole in animals, and can exert its functions as spindle organiser during mitosis only after the

cilium is absent. In mammals, BBS6 localises to the material surrounding the centriole and is a

crucial factor during cytokinesis, the process of daughter cell separation. Loss of function leads to

mislocalised BBS6 during cytokinesis  and results  in  multinucleated and multicentrosomal  cells

(Kim et al.,  2005). The essential  IFT component IFT88 normally localises to IFT trains and is

involved in protein transport in the cilium; it can be also found at centrosomes in mammals (Robert

et al., 2007). Overexpression of IFT88 leads to cell cycle disruption and apoptotic cell death, while

silencing increases transition from G1 into S, G2 and M phases, clearly indicating a regulatory role.
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The MT structure of the cilium often leads to dual functions of ciliary proteins in mitosis  and

mitotic spindle functionality: another protein mutated in Joubert syndrome, CSPP, is responsible for

the correct orientation of the spindle, and attachment to kinetochores (Asiedu et al., 2009; Zhu et

al.,  2015).  PCM1, an important  constituent  of  the pericentriolar  matrix  and scaffold of  several

centriole-associated  proteins,  also  aggregates  at  cytosolic  MTs  which  are  assembled  and

disassembled in a cell-cycle-dependent manner  (Balczon et al.,  1994; Kubo and Tsukita, 2003).

Loss of PCM1 function leads to cell cycle arrest (Balczon et al., 2002).

1.7.3. NUCLEUS-ASSOCIATED FUNCTIONS

The regulatory functions of cilia proteins in the nucleus are the most critically understudied aspect

of non-ciliary functions. Anecdotal evidence for nuclear localisation exists, like IFT proteins in the

nucleus of Paramecium tetraurelia (Shi et al., 2018), but has only been extended recently through

comprehensive studies in mammalian systems (Ewerling et al., 2023b). The nuclear interactome of

ciliary  proteins  is  however  still  overwhelmingly  elusive,  although some studies  elucidated  this

aspect of cilia biology in recent years. One of the first discovered cases of possible gene regulatory

functions is  BBS6 which interacts  with DNMT1, thereby potentially  modulating the epigenetic

signature of cells to an unknown extent (May-Simera et al., 2009). Further evidence hints at a role

for certain BBS proteins to facilitate transport of transcription factors across the NE, a process that

modulates  gene  expression  of  downstream  targets  in  response  to  factors  like  cytotoxic  stress

(Horwitz  and  Birk,  2021;  Scott  et  al.,  2017).  Defective  interaction  of  BBS6 with  SMARCC1

(SWI/SNF related, matrix associated, actin dependent regulator or chromatin subfamily c, member

1)  underlie  congenital  heart  disease,  as  the  nuclear  import  of  chromatin  remodelling  protein

SMARCC1 is regulated by BBS6  (Scott  et  al.,  2017).  BBS4 on the other hand is  required for

translocation of transcription factor ATF6α into the nucleus after induction of ER stress  (Horwitz

and Birk, 2021). Ciliary proteins also appear in DNA damage signalling cascades, an effect that can

most often be found in patients suffering from renal ciliopathies  (Chaki et al., 2012; Choi et al.,

2013; den Dulk et al., 2008). More recent studies implied multiple nuclear interactors for BBS10,

although the  exact  functions  remain  unknown  (Marchese  et  al.,  2022).  BBS7,  which  normally

localises to the BB, interacts with RNF2 in the nucleus (Gascue et al., 2012). RNF2 (E3 ubiquitin

ligase RING2) is a member of the polycomb group (PcG) and ubiquitylates histone H2A, altering

epigenetic signatures and promoting transcriptional repression of target genes (Bentley et al., 2011;

Cao et al., 2005; Gao et al., 2014; Luo et al., 2021; McGinty et al., 2014; Taherbhoy et al., 2015;

Wang et al., 2004). Clearly, nuclear roles for ciliary proteins are not just a “happy accident”, but
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rather an understudied aspect crucial to understanding the evolution of eukaryotic organelles and

with implications for human diseases.

1.8. AIM OF THIS WORK

Ciliary  proteins  are  highly  conserved  throughout  the  eukaryotic  Tree  of  Life.  The  process  of

building and maintaining cilia is fundamentally the same in all eukaryotic lineages and relies on the

same core sets of proteins. For these processes, the BBSome is a critical component as it facilitates

movement of effector molecules like receptors to and within the cilium. Hence, BBS proteins found

in the BBSome are highly conserved as well, and commonly found in all ciliated species. In some

species where cilia assembly is BBSome-independent (like Toxoplasma gondii) or where cilia have

been abandoned completely, some BBS homologues still persist. Is this a commonality across the

eukaryotic tree of life? Have ciliary BBS proteins been repurposed to affect other processes? Many

BBS proteins show an affinity to the nucleus,  and some have been found to take part  in gene

regulatory processes, like transcription factor shuttling between cytosol and nucleus, or modulating

the half-life of histones via interaction with ubiquiting ligases. This raises three pressing questions:

1. Is this nuclear function a confounding part of BBS protein functions? 

2. Have  the  nuclear  functions  been  established  in  LECA,  or  have  they  been  acquired

independently? 

3. Can the  high conservation  of  BBS proteins  help understand nuclear  functions  between

eukaryotes, and ultimately, allow predictions for BBS protein functions in other species?

In this work, we aimed to answer the above questions via both bioinformatic and cell biological

approaches. First, we consolidate the preservation of BBS proteins across eukaryotes with state-of-

the-art bioinformatical modelling and homologue searches. The identified homologues can then be

screened for their propensity to enter the nucleus by predicting nuclear signal sequences. To rule out

any influence of open or closed mitosis on the incoporation of BBS proteins into the nucleus of

dividing cells, we also statistically test for the effect of mitosis on nuclear localisation likelihood.

We transfer our predictions to mammalian models to validate the bioinformatic approach, and to

gain insights which proteins can enter the nucleus under normal conditions. With the data collected,

we can place the findings in an evolutionary context and make predictions about possible nuclear

localisations in other eukaryotes, while pinpointing specific proteins and taxa that are more likely to

have evolved nuclear functions. Second, we broaden the current knowledge about the conservation
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of BBSome proteins in non-model organisms as species beyond the scope of established laboratory

models might give a better framework to study non-canonical roles for ciliary proteins. We chose

the insects as a representative clade, as insects build specialised cilia in only two tissues, and BBS1

has been implicated in shaping social phenotypes of ants (Wallberg et al., 2016). Insects in general

might  therefore  be  a  suitable  subject  to  study  non-ciliary  functions  of  ciliary  proteins,  with

emphasis on nuclear roles. Third, with the insights gained, we critically review the evolutionary

history of endomembrane organelles and membrane coating complexes, including the BBSome, and

integrate our findings into the greater evolutionary context of eukaryogenesis. We elucidate possible

scenarios in the transition from prokaryote to eukaryote that could have led to the dual functions of

ciliary BBS proteins as nuclear effectors, and draw conclusions about the impact of a possible co-

evolution of nucleus and cilia on clinical and evolutionary research.
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2. NEOFUNCTIONALISATION OF CILIARY BBS PROTEINS TO NUCLEAR ROLES

IS LIKELY A FREQUENT INNOVATION ACROSS EUKARYOTES

2.1. PREFACE

Ciliary BBS proteins have been well studied in regard of their ciliary functions in the BBSome

(Akella et al., 2020; Eguether et al., 2014; Klink et al., 2020; Lechtreck et al., 2013, 2009; Liew et

al.,  2014;  Nachury et al.,  2007; Singh et  al.,  2020;  Tian et  al.,  2023) or  for their  functions in

assembling a functional BBSome (in the case of the chaperonin-like BBS proteins)  (Seo et al.,

2010; Zhang et al.,  2012).  Their  non-ciliary functions have however only recently come to the

attention of researchers. BBS proteins have been implicated in regulation of cell cycle progression

(Kim et al., 2004), T-cell polarity  (Cassioli et al., 2021), and metabolism (Marchese et al., 2022),

but could also be found to aid translocation of transcription factors across the NE  (Horwitz and

Birk, 2021; Scott et al., 2017). Interestingly, they interact with nuclear proteins such as ubiquitin

ligase RNF2 (Gascue et al., 2012) and DNMT1 (May-Simera et al., 2009), hinting towards a gene

regulatory function. In this work we screened all human BBSome and chaperonin-like BBS proteins

for their ability to enter the nucleus of non-ciliated human cells by ectopic expression and found

that most of the BBS proteins can actually enter the nucleus. The differential localisation patterns in

both subcellular fractionation and immunofluorescence analysis  suggest that nuclear import and

export are differentially regulated for each protein,  and that they exert  distinct functions in the

nucleus.  We predicted homologues in species sampled from major eukaryotic lineages, and found

that the BBSome is conserved largely as a set, although exemptions to this rule became apparent.

We further investigated if any of the BBS proteins or a specific clade if eukaryotes is more likely to

contain  NLS  or  NES  sequences,  and  used  this  as  an  approximation  for  nuclear  localisation

prediction. We found that BBS4 and BBS9 have a high likelihood to contain NLS, while BBS7 has

a NES signature. Phylogenetic reconstruction of ancestral sequences showed that NLS in BBS4 and

BBS9  evolved  multiple  times  during  eukaryotic  radiation,  but  that  BBS7  NES  is  most  likely

ancestral  and traces  back to LECA. To rule out an influence of open or closed mitosis  on the

incorporation of BBS proteins into the nucleus during mitosis, we employed permutation analysis

and found that mitosis does not influence the prevalence of NLS and NES in our datasets. We

therefore conclude that most BBS proteins can enter the nucleus in humans, and that this nuclear

localisation is potentially conserved throughout eukaryotes. 

This part of the thesis was published on iScience on March 16, 2023, and appears in Volume 26,

Issue 4, 106410, April 21, 2023 (https://doi.org/10.1016/j.isci.2023.106410). 
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Neofunctionalization of ciliary BBS
proteins to nuclear roles is likely
a frequent innovation across eukaryotes

Alexander Ewerling,1 Vanessa Maissl,1 Bill Wickstead,2 and Helen Louise May-Simera1,3,*

SUMMARY

The eukaryotic BBSome is a transport complex within cilia and assembled by
chaperonin-like BBS proteins. Recent work indicates nuclear functions for BBS
proteins in mammals, but it is unclear how common these are in extant proteins
or when they evolved. We screened for BBS orthologues across a diverse set of
eukaryotes, consolidated nuclear association via signal sequence predictions
and permutation analysis, and validated nuclear localization in mammalian cells
via fractionation and immunocytochemistry. BBS proteins are—with excep-
tions—conserved as a set in ciliated species. Predictions highlight five most likely
nuclear proteins and suggest that nuclear roles evolved independently of nuclear
access during mitosis. Nuclear localization was confirmed in human cells. These
findings suggest that nuclear BBS functions are potentially not restricted tomam-
mals, but may be a common frequently co-opted eukaryotic feature. Understand-
ing the functional spectrum of BBS proteins will help elucidating their role in gene
regulation, development, and disease.

INTRODUCTION

Eukaryotic cilia and flagella are structurally related organelles of motility and sensation. They were one of

the characteristic features of the last eukaryotic common ancestor (LECA) and are conserved in most

eukaryotic lineages.1,2Cilia/flagella (herein collectively referred to as ‘‘cilia’’) aremicrotubule-based protru-

sions that extend from a cytosolic basal body into the extracellular space where they can perform a wide

range of functions. Since their emergence in the eukaryotic Tree of Life, cilia have facilitated locomo-

tion3–5 and reception of extracellular cues even in the earliest single-celled eukaryotes.6–11 While single-

celled eukaryotes show only motile cilia multicellular organisms exhibit two major ciliary subtypes, motile

cilia that can move fluids across membrane surfaces,12–15 and immotile primary cilia that have evolved to

serve as sensory signaling organelles crucial for tissue development, maturation, and function.16–20 Muta-

tions in ciliary proteins result in multiple distinct clinical phenotypes caused either by the impaired

signaling or regulatory function of primary cilia, or the diminished motility of motile cilia.21–23

The basic construction plan and mechanisms underlying ciliary assembly, disassembly, and maintenance

are highly conserved and strikingly similar across otherwise very different eukaryotic taxa.24–26 Ciliary

proteins are found in all major eukaryotic lineages,8,27–29 and their fundamental functions are homologues

in ciliated species.30 To ensure proper ciliary functions cilia need a highly regulated in- and efflux of trans-

membrane receptors, soluble effector molecules, and phospholipids. A specialized intraflagellar transport

(IFT) comprising three distinct complexes—IFT-A, IFT-B, and the BBSome, a complex of Bardet-Biedl Syn-

drome (BBS) proteins—mediates much of this movement. The IFT complexes couple with molecular mo-

tors of the Kinesin-2 and cytoplasmic dynein 2 (also called dynein 1b) families to mediate anterograde

and retrograde transport along the ciliary axoneme, respectively.31,32 The BBSome serves as an adaptor

for ciliary cargo such as transmembrane proteins and links it to the IFT complexes. The human heteroocta-

meric protein complex consists of BBS1, BBS2, and BBS7 (‘‘head’’), and BBS4, BBS5, BBS8, BBS9, and

BBS18 (‘‘body’’).33,34 Its assembly is facilitated by the CCT/TRiC-associated chaperonin-like BBS proteins

BBS6/McKusick-Kaufman Syndrome (MKKS), BBS10, and BBS12 before entering the cilium (Figure 1A).

Alongside their highly conserved ciliary roles, many ciliary proteins have been found to localize to other

cellular compartments where they function in non-ciliary processes. These include proteins that participate
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Figure 1. BBS proteins in the eukaryotic Tree of Life

(A) Schematic of BBSome and chaperonin-like BBS complexes (adapted from Singh et al., 2020).

(B) Domain and secondary-structure architecture for BBSome proteins. Domain abbreviations: g-adaptin ear (GAE),

tetratricopeptide repeat (TPR), pleckstrin homology (PH).

(C) Cladogram showing likely phylogenetic relationships between 40 diverse eukaryotes used in this study.
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in mitosis, spindle pole orientation, and cytokinesis35–38 and other cell-cycle-linked, nuclear processes,

such as DNA damage response.39,40 Ciliary trafficking proteins might also be active in the nucleoplasm;

BBS4 has been shown to associate with transcription factors that affect neuronal endoplasmic reticulum

stress response,41 and BBS7 interacts with RNF2, actively regulating the expression of its target genes,

likely by modulating the turnover rate of RNF2.42 Further, the disturbed nucleo-cytoplasmic translocation

of BBS6/MKKS in patients has been identified as a contributing factor to congenital heart disease.43

To exert a nuclear function, proteins first need to localize to the nucleoplasm. However, the nuclear enve-

lope (NE) forms a highly selective barrier that prevents large molecules from entering the nucleus solely by

diffusion.44 Proteins circumvent this barrier by active transport across the nuclear membrane, allowing pre-

cise spatiotemporal management of nuclear interactors. Alternatively, cytoplasmic proteins can potentially

access the interior of the nucleus in some lineages as a result of NE breakdown during mitosis. The nucle-

oplasm and chromatin of vertebrates are highly accessible to cytoplasmic proteins during mitosis from NE

breakdown at prometaphase through to telophase. This may allow the BBS proteins to freely diffuse into

the former nucleus and interact with their nuclear targets. However, the degree to which the NE becomes

permeable differs considerably in different eukaryotic lineages. In animals and land plants mitosis is open

with substantial fragmentation of the NE. Hence animal proteins associated with ciliary function (such as

BBS4, BBS6, and BBS7) may gain entry to the nucleus during cell division. In contrast, many protists and

fungi maintain an apparently intact NE, or show only partial breakdown or fenestration throughout mitosis.

Nonetheless, even in organisms with closed mitosis, it appears that ciliary proteins have the potential to

gain nuclear functions. For example, in the ciliate Paramecium tetraurelia both macro- and micro-nuclei

remain intact throughout mitosis, but IFT57 appears to gain access to the macronuclear space.45

These findings raise questions as to how and when ‘‘ciliary’’ proteins might have been co-opted into roles in

the nucleus. Do these dual functions represent recent neofunctionalization of proteins or are some poten-

tially more ancestral? Is there evidence of additional neofunctionalization in lineages with open mitoses?

Alternatively, are particular ciliary proteins more likely to gain nuclear import/export signatures? Can the

evolutionary history of ciliary proteins help us predict non-ciliary functions? Here, we look at the conserva-

tion of BBS proteins across eukaryotes and search for evidence of potential nuclear localization. We screen

a database of forty disparate eukaryotic genomes for BBS protein orthologues by means of phylogenetic

inference and correlate them with the organisms’ mode of mitosis to pin-point potential co-evolution of

nuclear function and NE breakdown. We then predict potential nuclear localization and export signals

of those orthologues. Finally, we perform immunocytochemical stainings and fractionations of transfected

human embryonic kidney (HEK293T) cells to look for BBS protein entry into the nucleus in mammalian cells.

RESULTS

Distribution of BBS orthologues across the eukaryotic tree of life

To identify BBS orthologues across eukaryotes, we assembled a dataset of 40 predicted proteomes from

diverse eukaryotes including organisms that build cilia/flagella during their life cycle and organisms which

do not (but might have retained BBS proteins for non-ciliary functions) (Figure 1C). Potential BBS ortho-

logues were identified using BLASTp similarity searches to seed more sensitive hidden markov model-

based searches, and the resulting sets checked for potential errors by construction of phylogenetic trees

(see STAR Methods). As expected, presence of a complete BBSome strongly correlates with the presence

of cilia during an organism’s life cycle (Figure 1D). The presence/absence of orthologues also agrees with

previous studies that identified BBS proteins in a smaller set of eukaryotes,26,46,47 demonstrating that our

bioinformatic approach is robust against previous analyses (exceptions for single proteins are described in

Figure S1).

Our data confirm that BBS proteins normally appear in an ‘‘all-or-nothing’’ fashion, as would be expected

for a protein set involved in a common conserved biological process. Notable exceptions here are species

that have a reduced set of BBS proteins despite building cilia—includingDrosophila melanogaster,Giardia

Figure 1. Continued

(D) Distribution of BBS proteins across eukaryotes. Presence (filled circle) or absence (open circle) of orthologues of each

protein are indicated, along with predictions of NLS and/or NES within each sequence. Multiple circles indicate number

of orthologues.Whether the organism is known to build cilia/flagella in some cell types and themode of mitosis operating

(see Table S1) are also indicated.
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intestinalis, Phytophthora ramorum, and Euplotes octocarinatus—all of which lack detectable copies of at

least two core BBSome components. In addition, Plasmodium falciparum and the fungus Batrachochytrium

dendrobatidis appear to lack all BBS-related proteins despite having flagellate stages, while Toxoplasma

gondii lacks all but BBS5. While D. melanogaster is known to maintain neuronal cilia and sperm flagella

without a BBSome,48,49 little is known about composition or presence of a functional BBSome in Giardia,

Phytophthora, and Euplotes. Given that there is an already reduced role for cilia in general in

D. melanogaster and we see a reduction in BBSome components, the gradual loss of these proteins might

precede a loss of the BBSome.

One theory for the seemingly ‘‘penalty-free’’ loss of single BBSome proteins might be that some functions

of the missing proteins can be substituted by related BBS components. In general, four major groups of

BBSome proteins can be distinguished by their tertiary structure (Figure 1B): a) proteins comprised a b-pro-

peller and an a-solenoid followed by a g-adaptin ear (GAE) domain such as BBS1; b) proteins as in a), but

followed by an a/b-platform and a-helix (BBS2, BBS7, and BBS9); c) tetratricopeptide repeat (TPR) proteins

(BBS4 and BBS8); and d) proteins with two pleckstrin homology (PH) domains followed by three a-helices

(BBS5). To some extent agreeing with this, all BBSome sets identified here contain at least one member of

each group present, apart from Phytophthora and Toxoplasma.

It has been observed that the absence of BBSome proteins often precedes the loss of ciliary structure

during eukaryotic evolution.26 The lack of BBSome components in Batrachochytrium and Plasmodium

are in agreement with this; both Batrachochytrium and Plasmodium have flagellar assembly and disas-

sembly pathways that happen entirely in the cytoplasm and do not require a functional BBSome.46,50,51

In contrast to the complete loss of the BBSome components in Plasmodium, the closely related Toxo-

plasma species appears to have retained a single orthologue of just one BBSome component, BBS5.

The identified protein is annotated as a predicted BBS5 orthologue in the genome database (toxodb.

org) and was a strong hit to the BBS5 Hidden Markov model (HMM) here, suggesting this is a true reten-

tion and not a mis-identification. Moreover, maximum-likelihood phylogenetic analysis of BBS5 ortho-

logues along with related paralogues shows that the identified T. gondii BBS5 (ToxoDB:

TGME49_259965) is part of a clade containing known BBS5 orthologues, and the identified BBS5 from

Giardia (Figures 2A and S2D). This makes a very strong argument for the hit to be a true orthologue

of BBS5, despite the absence of other BBSome components.

In contrast to the transport functions of the BBSome, chaperonin-like BBS proteins (BBS6, BBS10, and

BBS12) are needed to assemble and fold a functional BBSome. Previous work has shown that these

chaperonin-like BBS proteins are related to the chaperonin-containing T-complex protein (TCP) sub-

unit (CCT) proteins, most likely through duplication of a CCT8-like sequence early in eukaryotes.52,53

These chaperonin-like BBS proteins are mostly conserved in metazoa. However, potential orthologues

of BBS6 were also detected in Mastigamoeba balamuthii and Malawimonas jakobiformis. Both of

these appear to be strong BBS6 candidates (Figure S2E), suggesting either an earlier origin for this

group of proteins than the base of the metazoa, or gene transfer of metazoan BBS proteins into other

lineages.

In addition to likely BBS6 proteins outside of metazoa, a single non-animal BBS12-like sequence was

identified by our search method in Dictyostelium discoideum. This sequence is not a member of any

known CCT family (members of which can be easily identified in Dictyostelium; Figure S2Ja) and clusters

with good support with bona fide BBS12 sequences, albeit at the base of the clade. BLASTp searches

using this sequence as a query identify archaeal thermosome subunits as the best matches outside of

the clade Dictyostelia (data not shown). To test if this might represent a recent gene transfer to Dictyos-

telium rather than a divergent copy of BBS12, we included the three top BLAST hits from the NCBI ‘‘nr’’

database not originating from dictyostelial species into the phylogeny, as well as the hits from searching

48 representative archaeal genomes with the same HMM used for eukaryotic searches. However, no

archaeal protein or set of proteins has a strong affinity for this Dictyostelium BBS12-like sequence, which

is still sister to the animal BBS12 clade (Figure 2B). The phylogeny is thus, consistent with this being a

non-animal BBS12 orthologue, and no obvious origin from within either eukaryotic CCT proteins or by

lateral gene transfer from prokaryotes can so far be identified. However, given the distribution of BBS

proteins and the lack of obvious BBS12 in other organisms that do not build cilia, this should be treated

with caution.
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BBS orthologues carry nuclear import and export signatures

Recent studies have shown that human BBS proteins BBS6 and BBS7 can localize to the nuclear compart-

ment.42,43 This raises the question whether the nuclear functions of BBS proteins are ancient or a recently

Figure 2. Maximum-likelihood (ML) phylogenetic relationships of BBS5 and BBS12

Bootstrap (BS) and Shimodaira-Hasegawa (SH) branch support values are given at each node (color-coded nodes are

darker where support is stronger).

(A) Reconstruction of ML phylogenetic tree for BBS5 orthologues.

(B) Extended phylogeny of BBS12 in the initial database species with chaperonin-containing T-complex protein (TCP)

subunit (CCT) orthologues of Dictyostelium discoideum (green), top three reciprocal BLASTp hits (orange) for

Dictyostelium discoideum DDB_G0268902 (cyan; dictybase.org: DDB_G0268902) against NCBI’s ‘‘nr’’ database, and

orthologous proteins found in an additional HMM search of 48 archaeal proteomes (purple).
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acquired attribute. We reasoned that if the nuclear role were ancestral to a set of organisms and conserved,

there might also be a conserved means of nuclear import/export for that set. To test for potentially

conserved nuclear functions, we interrogated the BBS orthologues for predicted nuclear localization sig-

nals (NLS) and nuclear exit signals (NES).

Individual BBS orthologues were tested for statistically higher occurrence of predicted NLS or NES scores

against sets of equal size made up by sampling from comparison datasets of control proteins. Three com-

parison datasets were considered: 1) all BBS proteins (to test for individual orthologues beingmore likely to

be nuclear than the BBS set as a whole; 212 sequences in total), 2) all proteins from the proteomes analyzed

that are predicted to be cytosolic by WolfPSORT54 (to test for an individual orthologue being more likely to

be nuclear than a ‘‘typical’’ cytoplasmic protein; 91,829 sequences), and 3) a dataset of all proteins (whether

nuclear or not) from the predicted proteomes (711,242 sequences; Figure 3A).

In our analysis, no single BBS protein was found to be significantly more likely to have a higher NLS than a

random set of the same size of either other BBS proteins, ‘‘cytoplasmic’’ or total proteins from our reference

datasets (Figure 3B). The strongest predicted NLS is seen in BBS4 and BBS9 orthologues (pBBS = 0.104). In

contrast, the predicted NES signal in BBS7 is significantly higher than expected against any of the three

control datasets (pBBS = pcyto = ptotal = 0.002; Figure 3C). The BBSome in general is significantly more likely

to have a greater predicted NES score than typical proteins predicted to be cytosolic (pcyto = 0.041), unlike

chaperonin-like BBSs, which are not significantly more likely to have a higher NLS or NES signature than a

protein set of the same size sampled from either BBS, cytosolic or whole proteomic datasets (Figure S3).

Given that individual BBS proteins, and not all proteins of the complex, have a tendency to have higher

nuclear signal sequence scores, these data suggest that the evolution of nuclear functions might involve

single BBS proteins and not redistribution of the entire complex.

Presence of nuclear signal sequences is not phylogenetically restricted

To exclude the possibility that certain organisms might have an a priori tendency to have stronger pre-

dicted nuclear signal sequences—either through some underlying biology or (more likely) reflecting bias

in the predictive algorithms—we also tested whether the proteins from certain groups might have stronger

signatures than our reference datasets, considering data at different taxonomic depths. While we see no

bias when comparing the broadest or finest taxonomic differentiation (Figure 4A/C), BBS orthologues in

Excavata in general have significantly stronger NES signal than would be expected for typical predicted

cytosolic proteins in this group (Figure 4B; pcyto = 0.042, permutation test) or for BBS, ‘‘cytosolic’’ or general

proteins from across eukaryotes (Figure S4B). This means that BBS orthologues in Excavata are not only

more likely to bear NES signatures than other excavate proteins, but also compared to all proteins in

this analysis. Interestingly, stramenopiles also show a higher-than-average NLS capacity in BBS ortho-

logues compared to other cytosolic proteins (Figure 4C, pcyto = 0.045), although it should be noted that

prediction of cytosolic localizationmay not be equally accurate across all eukaryotic lineages. Nonetheless,

these data suggest excavates and stramenopiles may be interesting as models for non-ciliary nuclear BBS

protein functions.

Nuclear signal sequences in BBSome proteins are ancestrally conserved

By reconstructing the most likely sequence from which extant BBS orthologues diverged, we can infer how

well nuclear signal sequences are conserved at hypothetical nodes within the eukaryotic tree. The recon-

structed ‘‘ancestral’’ sequences can be used for signal sequence predictions as in previous analyses. Upon

ancestral state reconstruction, it appears that most predicted NLS in BBS proteins are protein-specific

(Figure 5). As reconstruction only considers shared indels, this method is unable to account for NLS occur-

ing in these regions and therefore misses some predictions in the orthologues sequences themselves (Fig-

ure 1C). Interestingly, for BBS4, there is a predicted NLS at the node between choanozoa and metazoa, but

the signal in this inferred sequence is not inherited in the majority of the sequences arising from it. These

data suggest classical NLS signals arise sporadically across the phylogeny of BBS proteins and are not

generally conserved over evolutionary timescales.

In contrast and as previously described, NES are far more widespread and found more readily in the recon-

structed sequences. In general, BBSome proteins all have a detectable NES in the ancestral LECA

sequence, except for BBS9 and BBS18. Predicted NES in BBS9 aremostly found in extant proteins although

weaker NES can be detected at the base of Opimoda and the stramenopiles-alveolates-rhizaria (SAR)
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supergroup. Strongest NES at LECA-level was predicted in BBS7 that is in line with previous analyses of

extant protein sequences (Figure 3B). Although not as strong, BBS4 and BBS8 show a highly conserved

NES signature throughout the reconstructed sequences, followed by BBS1, BBS2, and BBS5. And despite

being recent additions, the likely ancestral sequences of chaperonin-like BBS proteins BBS6, BBS10, and

BBS12 show predicted NES at all nodes.

Taken together, the ancestral state reconstruction suggests that the nuclear localization of BBS4 is likely a

convergent feature of sequences in choanoflagellates and animals. Further it predicts that BBSome pro-

teins most likely have NES since LECA and that they have largely maintained these signal sequences

A

B

C

Figure 3. Distribution of predicted nuclear signal sequences in BBS orthologues

(A) Schematic representation of the datasets considered for the prevalence comparison of nuclear signal sequences to

those in BBS proteins.

(B) Distribution of NLS (left) and NES (right) in BBS orthologues. Left: Violin plots of highest predicted NLS from BBS

orthologues. Right: Boxplots of highest predicted NES from BBS orthologues of the respective groups indicated.

Whiskers and boxes mark quartiles; circles: points outside 1.5 interquartile range.

(C) Volcano plots of Z-scores from BBS protein orthologues against adjusted-log10(p value). Z-scores are calculated as

multiples of standard deviations from the reference group mean.

ll
OPEN ACCESS

iScience 26, 106410, April 21, 2023 7

iScience
Article



throughout many divergence events, while chaperonin-like BBS were a later addition but also might have

served nuclear functions since their emergence.

Mode of mitosis does not influence nuclear localization signals or nuclear exit signals

occurrence

Translocation of a protein from cytoplasm to nucleoplasm can happen either due to active import and

export across the NE, or inclusion of proteins in the nascent nucleus during mitosis. The latter would not

require NLS, but does require a mitotic breakdown of the NE and may also be associated with NES to pro-

mote re-localization of proteins to the cytoplasm. Conversely, we might expect increased NLS signal in

species without mitotic NE breakdown if the nuclear functions of BBS are conserved. Lastly, if the mode

of mitosis had no influence on the nuclear functions of BBS proteins (i.e., there was no co-evolution of

nuclear functions and NE breakdown), we expect no significant difference between signal sequences in

species with open vs. closed mitosis.

As the need for import into, or export from the nucleusmight be substantially confounded by access granted to

the nucleus during open mitosis, we tested whether mode of mitosis influences the distribution of predicted

NLS/NES in BBS proteins. As organisms exhibit a range of degrees of NE breakdown during mitosis, organisms

were scored based on their position along a closed/open mitosis axis (Figure 6A) to compute a weighted score

A B

C

Figure 4. Comparison of BBS protein nuclear signal sequence scores to other proteins of the same taxonomic unit

Tests were carried out for BBS proteins of one higher taxonomic unit vs. ‘‘cytosolic’’ or any proteins of the same taxonomic

unit. (A), (B), and (C) show the comparisons at different taxonomic depths.
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sum as a test statistic (see STARMethods). The statistic was then used in a permutation test for an association of

NLS/NESwith themodeofmitosis. Theproteomicdataset of our previous analyses iswell suited for this since it is

comprised species representative of the mitotic spectrum (Figure 1D).

Our analysis shows the mean of the weighted NLS sum for all proteins is close to 0, indicating that NLS sig-

nals are equally likely in proteins from organisms having either open or closed modes of mitosis. The

weighted NLS score for BBS proteins is slightly negative, but not more than expected by chance (pNLS =

0.2108). Interestingly, there is a shift of weighted NES score sums for typical proteins in each proteome to-

ward the more positive end of the open-closed-axis (Figure 6B) showing that higher predicted NES signals

are more common for proteins in organisms with more open forms of mitosis, as would be expected—

although this is not significantly different from a bias that could be expected by chance. BBS proteins follow

this trend no more than an average protein from these organisms (pNES = 0.2626).

Taken together, these results suggest that the presence of NLS and NES signals in BBS proteins are more

due to biological adaptations of single eukaryotic lineages other than their mode of mitosis. Statistically,

we could show that mitosis alone does not seem to be the evolutionary driver behind the emergence of

nuclear signal sequences in eukaryotic BBS proteins. In particular, this means that the higher-than-average

NES signature we found in excavates, and the above-average NLS scores in stramenopiles cannot be ex-

plained by the organsims’ form of mitosis alone. This suggests that the evolution of nuclear functions for

BBS proteins is not linked to transitions from closed to open mitosis.

Human BBS proteins differentially localize to the nucleus

Computationally predicted localization signals can aid in understanding the mechanisms of protein-

dependent nuclear import and export, but are of course only an approximation for their actual subcellular

Figure 5. Ancestral sequence reconstruction of BBS proteins

Most likely ancestral sequences were reconstructed to assess their capability to enter the nucleus by prediction of NLS and NES.
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localization. To test predictions for nuclear localization of BBS proteins against actual cell biology, we per-

formed localization studies in transiently transfected HEK293T cells overexpressing FLAG-tagged BBS pro-

teins. We looked at their localization (cytosolic or nucleoplasmic) via subcellular fractionation followed by

Western Blotting (WB), and immunocytochemical staining (Figure 7).

All BBS proteins tested were expressed, and can be seen in the cytosolic fraction (Figure 7A). When over-

expressed in HEK293T cells, BBS1, BBS2, BBS7 and BBS9, BBS4 and BBS8, and BBS5 also localize to the

nucleus. This nuclear localization is most likely the result of active transport between cytosol and nucleus:

The size-exclusion barrier that is the nuclear pore does not allow free diffusion of molecules with a

mass > 40 kDa55,56 that all of the nuclear BBS proteins (but BBS5) have. Of the BBS1‘‘family’’ proteins

that localize to the nucleus, BBS1 is most prominently featured in the nuclear fraction, despite lacking a

classical NLS. In comparison, BBS2 and BBS9 are found only in trace amounts in the nucleus, while BBS7

has a higher ratio in the nuclear fraction than in the cytosolic fraction. The strong nuclear signal of the

WB;however, was only partially reproduced by immunostaining (Figure 7B). Although BBS1 and BBS2

show a weaker nuclear than cytosolic staining, BBS7 is virtually undetectable via immunostaining in the

nucleus. BBS9 has the strongest signal, although we detected it in an amount comparable to BBS2 via

Western blot. BBS4 and BBS8 on the other hand are about equally present in cytosolic and nuclear frac-

tions. We see the same pattern in immunofluorescence labeling of BBS8-overexpressing cells, but not in

their BBS4 counterpart. BBS4 seems to be exclusively localized around the centrosomes, but not anywhere

in the nucleoplasm. Despite lacking both classical NES and NLS, we find a signal for BBS5 in the nuclear

fraction and in immunocytochemical staining. Theoretically, the two pleckstrin-homology-like domains

of BBS547 could facilitate an interaction with nuclear phosphoinositides that have been implicated in

chromatin remodeling transcriptional regulation.57

The only chaperonin-like BBS proteins detectable in a nuclear fraction were BBS10 and, surprisingly,

BBS12. While BBS10 has been detected in the nucleus in a recent study with a similar experimental setup,58

A

B

Figure 6. Mode of mitosis and presence of predicted nuclear signal sequences are not correlated

(A) Mitotic spectrum from closed to open mitosis and representative species.

(B) Histogram of samples for permutation testing of nuclear signal sequences with weighted score sums of BBS proteins’

predicted NLS (left) and NES (right).
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BBS6 could not be detected in the nucleus after subcellular fractionation, even though it has been reported

to translocate to the nucleus.43 BBS10 signal is; however, completely absent from the nucleus of immuno-

cytochemically stained HEK293T cells as is BBS12 in contrast to the Western blot. BBS6 can be found in the

nucleus in immunostainings, which is congruent with previous studies. The lack of nuclear signal in Western

blot analysis might stem from a very transient localization, as it was hypothesized that BBS6 aids in trans-

location of a SMARCC1-Importin-complex across the nuclear pore.43 To exclude that the FLAG tag had an

effect on the localization, an alternative tag (myc) was used for BBS6 and BBS8. Both proteins showed qual-

itatively the same pattern in both fractionation and immunostainings as their FLAG-tagged counterparts

(Figure S5).

A

B

Figure 7. Nuclear localization of different BBS proteins

(A) Western blot after subcellular fractionation of transiently transfected HEK293T cells shows nuclear localization of

BBS1, BBS2, BBS7, BBS4, BBS8, and BBS5. All Flag-tagged fusion constructs are expressed and detected at the expected

sizes (BBS1: 65 kDa; BBS2: 80 kDa; BBS7: 80 kDa; BBS9: 99 kDa; BBS4 58 kDa; BBS8: 62 kDa; BBS5: 39 kDa; BBS6: 62 kDa;

BBS10: 81 kDa; BBS12: 79 kDa). Successful fractionation was determined by presence of marker proteins for the cytosol

(GAPDH), and the nucleus (Histone H3). 100 mg protein were loaded per lane except for BBS6 (15 mg) and BBS12 (55 mg).

(B) Immunocytochemical stainings of transiently transfected HEK293T cells expressing FLAG-tagged BBS proteins.

Arrows mark the data points used for line plotting in direction of the arrow. Scale bar: 5 mm. Plot X axis: length (pixels); Plot

Y axis: pixel intensity (arbitrary units).
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The subnuclear distribution patterns of BBS proteins differ from protein-to-protein. This shows that their

import and interaction with other proteins must be differentially regulated and that they may take part

in multiple distinct processes. However, we see a discrepancy in the nuclear protein amount when we

compare Western blots and immunocytochemical stainings. This emphasizes that by WB, we can detect

nuclear signals more sensitively that might go unnoticed with immunocytochemical stainings alone, or

that might be ambiguous. On the other hand, immunofluorescence analysis of stained cells reveals a local-

ization of single proteins that is highly specific: BBS7 and BBS8 both localize close to the inner NE (Fig-

ure 7B), information which would not be obtainable from Western blots alone. It is also worth noting

that in most cases, Western blots and immunostaings agree in their readout (BBS1, BBS2, BBS9, BBS8,

and BBS5), although the intensity does not necessarily translate well from one analysis to the other. It is

also of note that the ectopic overexpression of BBS proteins may affect the cells differently; we did for

example observe that cells overexpressing BBS6 tended to be less viable than others (data not shown).

In turn, this means that some of the proteins are harder to detect than others, which is a contributing factor

to the different amounts of protein found in the fractions despite being controlled by the same promotor.

DISCUSSION

Cilia and flagella have important roles in many eukaryotic cells. Their proper function is critical for both

unicellular life and multicellular organisms, including locomotion, perception, and development. The

discovery of ciliary proteins’ extraciliary functions in mammalian cells extends the reach of some of their

components beyond their ciliary roles. It raises the question whether those functions are conserved in other

eukaryotes and therefore ancestral, or if they were co-opted. Our reconstruction of BBSome component

distribution across eukaryotes confirms the wide-spread distribution of these proteins and strong phyloge-

netic association with the presence of cilia. It also suggests that the more phylogenetically restricted chap-

eronin-like BBS proteins are not exclusive to metazoa, but can also be found inMalawimonas and Amebae.

We found that BBSome proteins generally appear as a conserved set. This set contains at least one protein

from each subset of BBSome proteins, namely the BBS1-like, TPR-domain-containing, and PH-domain-

containing protein families (Figure 1B). Exceptions to this rule could be observed in lineages where the

most recent species have undergone a gradual process of protein complex reduction and, finally, loss of

the cilium. An extreme example is the opisthokont lineage: While the last opisthokont common ancestor

was probably still a ciliated single-celled organism with all IFT and BBSome components,59 the fungal

descendants quickly abandoned BBS proteins (as seen in Batrachochytrium) and subsequently cilia in gen-

eral, while the holozoan lineage retained them.

Further sequence analysis of identified orthologues provided insight into the distribution of nuclear local-

ization or export signals (NLS and NES, resp.). After the significant increase of NES in BBS7, BBS1, and BBS8

had the highest probability for high NES scores, while BBS4 and BBS9 had the highest probability for high

NLS scores. Preference for stronger nuclear signal sequences in open or closed mitosis was tested

revealing no significantly higher likelihood for NLS or NES in BBS proteins in either form of mitosis. This

means that nuclear localization of BBS proteins most probably did not co-evolve with the transition to a

particular form of mitosis but more likely as a recent adaptation in specific lineages, as appears to be

the case for mammalian BBS6.43

Through ancestral state reconstructions, we could show that predicted NLS found in BBS proteins are

frequent, but most likely lineage-specific. In contrast, predictions of NES—especially for BBS7—can often

be found deeper in the evolution of the proteins and tentatively even at the inferred LECA sequence.

Our localization experiments in HEK293T cells revealed that other human BBS proteins than those previ-

ously reported41–43 do indeed also localize to the nucleus. We detect BBS1, BBS2, BBS7, and BBS9;

BBS4 and BBS8; BBS5; and BBS10 and BBS12 in the nuclear fraction of transiently transfected and lysed

cells, either in soluble form, associated with chromatin or as part of larger complexes. These results could

in part be recapitulated in immunocytochemical stainings: we detect nuclear signals for FLAG-tagged

BBS1, BBS2 and BBS9; BBS8; BBS5; and BBS6 in our microscopic analysis, but not others. This implicates

that the nuclear localization is not simply an artifact produced by overexpression. While mislocalization

due to overexpression is a concern, it is also encouraging those previous studies that established lower

expression levels in other cell lines do recapitulate a similar subcellular distribution.35 The distribution of

nuclear BBS proteins is not uniform, suggesting that they are associated with different processes in the nu-

cleus. The differences in both abundance (as seen in Western blots), intranuclear localization (as seen in
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immunofluorescence stainings), and no preference in either form of mitosis (as seen in permutation anal-

ysis) clearly show that BBS proteins’ capacity to function in the nucleus differs between specific proteins and

is indicative of a specialized role for each BBS protein.

One of the major transitions of life has been the development of a sophisticated, compartmentalized

endomembrane system that probably contributed to the success of eukaryotes.60 While the ‘‘original’’ nu-

clear membrane was likely freely permeable, the NE has since evolved into a tightly regulated, selective

transport barrier.61–63 During interphase, proteins and nucleic acids must pass the nuclear pore complexes

(NPCs) by associationwith importin- and exportin-class proteins. In someorganisms (including green plants

and animals), the NE completely breaks down during mitosis, while in others (such as yeasts), the envelope

remains intact. The mitotic NE breakdown is however not binary. Many eukaryotes partially break down the

NE, allowing microtubules to enter the nuclear space through fenestrated openings, the extent of which is

dependent on the species. The breakdown of the NEmay serve as an entry point into a compartment that is

otherwise inaccessible without an NLS. On the other hand, in an organism with a closed form of mitosis, all

nuclear proteinsmust be actively transported into the nucleus.We reasoned that if nuclear roles for BBSpro-

teins are conserved, theremight be higher need for NLS in BBS orthologues in species with a closed form of

mitosis and, conversely, a potential increase of NES in BBS orthologues in species with an openmitosis. Our

permutation analysis showed no statistical bias towardNLS or NES signals in association withmitotic mode.

Hence the appearance of nuclear signal sequences is not coincidental with the evolution of a specificmitotic

pattern. However, while we predictedmostly NES signals for human BBS proteins, we still find nuclear local-

ization via both subcellular fractionation and immunofluorescent staining.Our analysis is by necessity based

onprediction of classical, basicNLS signals only and non-classical (e.g., PY-NLS) or protein-specificNLSswill

not be detected. Moreover, due to the difficulties in prediction even of classical NLSs, computational NLS

predictors detect a relatively low percentage of true NLSs with high confidence (37% for NLStradamus

against a dataset of non-yeast sequences). There is also the possibility of an ‘‘indirect’’ NLS effect, i.e., as-

sociation of BBSproteinswith interactionpartners that are localizing to the nucleus, andBBSproteins hijack-

ing them and being imported into the nucleus passively. Recently it could be shown that CCDC28B, a cilia

protein associating with BBS proteins bears a functional NLS in a zebra fish homolog. It could therefore

potentially serve as a nucleocytoplasmic shuttle for BBSproteins.64Bioinformatic analysis alone is therefore,

currently not sufficient to accurately predict nuclear localization for any individual BBS protein—although it

does provide a useful tool to assess any underlying trends.

In addition to the nucleus, proteins forming the nuclear pores, nucleoporins, can be found at the base of

cilia regulating ciliary import in a similar fashion as they do at nuclear pores.65 Both localizations share com-

mon translocation mechanisms of cargo into the respective compartment, utilizing RanGDP/GTP (Ran-gui-

nosine di-/triphosphate) gradients, importins, and specialized localization sequences. For several ciliary

cargoes, including crucial anterograde IFT protein KIF17,65 the ‘‘nuclear’’ translocation system could be

confirmed, but others seem to bypass the need for some parts of the system. Interestingly, primary cilia

in particular do not appear to have any nucleoporins at the base.66 While there are differences in nuclear

and ciliary import and export, it is still possible that both systems once shared common ancestral machin-

ery. And indeed, components of both share a potential ancestor that once emerged to facilitate vesicle

coats.26,55–57,63–67 This leaves two possible options for the appearance of ciliary proteins at and in the nu-

cleus: Either I) the cilium developed before the NE, making the ciliary functions ancestral and the nuclear

functions co-opted; or II) the NE emerged first, and the close association of the cilium-nucleating centriole

led to nuclear proteins ‘‘hitch-hiking’’ to the cilium and adopting ciliary roles. Future analysis comparing the

divergence of ciliary vesicle and cargo coat complexes such as the BBSome from nucleoporins, and the hy-

pothetical ancestral protocoatomer needs to be conducted to untangle their shared evolutionary history.

Regulation of differential gene expression during development of tissues is a novel role for BBS proteins

that has only been described recently.42,43,58 But BBS proteins are also involved in short-term responses

to more immediate environmental cues. More recent studies have shown that BBS proteins are recruited

for translocation of transcription factors after application of cytotoxic stress: BBS4, which is normally local-

ized at centrosomes in cycling cells or the basal body in quiescent cells, translocates from the cytosol to

nucleus after induction of endoplasmic reticulum (ER) stress.41Here, BBS4 associates with transcription fac-

tors that initiate the unfolded protein response (UPR). This is reminiscent of a similar mechanism seen in

BBS6 that is disturbed in MKKS, where a mutation disrupts the shuttling of BBS6 in and out of the nucleus,

enriching SMARCC1 in the cytoplasm. We found that induction of cyto- and genotoxic stress induces a
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translocation of BBS4, BBS6, and BBS8 from cytoplasm to nucleus (Patnaik et al., in prep.). BBS proteins

therefore, have a pivotal role in both developmental, long-term regulation of genes, and short-term re-

sponses to environmental cues by associating with transcription factors and effector proteins and ensuring

cytonucleoplasmic translocation.

Our data consolidates that BBS proteins can have roles outside of ciliary trafficking. Our orthologue screen

revealed that all BBS proteins in this study have predicted NES signals in at least one species, but classical

NLSs are more restricted only being detected in one or more orthologue of BBS1, BBS2, BBS4, and BBS5 in

at least one species (Figure 8A). However, as not all BBSome proteins localize to the nucleus (Figure 8B) and

since those that do have distinct patterns, it is likely that BBS protein involvement in nuclear processes is

independent of their function as a complex. This nuclear localization does not appear to be the result of the

BBSome (or individual proteins) being coincidentally incorporated into the nucleus due to evolution toward

open mitosis, but is equally likely in all eukaryotic species possessing BBS proteins. This leaves two options

for the evolution of BBS proteins’ nuclear function: Given that BBS proteins are found across all eukaryotic

taxa even on occasion in species without cilia, the BBSome proteins have highly likely already been estab-

lished in LECA. This might place the root of nuclear functions of BBS proteins potentially quite early during

the radiation of eukaryotes. This theory is favored by the widespread NES signature for single BBS proteins

we find across the entire eukaryotic tree. Another explanation is an independent convergence scenario

where conserved BBS proteins filled an ecological niche for gene regulation on numerous occasions;

this would be well explained by the sparse occurences of NLS in single clades of BBS proteins, as well

as the absence in ancestral nodes toward the root of the tree. Position-specific tracing of NLS/NES in

BBS proteins will clarify whether some signal sequences persisted throughout eukaryotic evolution. Either

theory can further be elucidated by investigation of BBS proteins’ nuclear interactome and gene regulatory

functions in different eukaryotic species. This information is crucial to understand the evolution of the

cilium, nucleus, and the origins of regulatory networks in early eukaryotes.

Figure 8. Schematic summary of bioinformatic, molecular and immunological experiments

(A) BBS proteins with predicted NLS and/or NES. A label is added if the respective signal sequence is found in at least one

of the predicted eukaryotic orthologues.

(B) Comparison of predicted localization (left), localization after Western blotting (middle), and immunofluorescent

staining (right) of FLAG-tagged BBS proteins in Homo sapiens.
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Limitations of the study

Bioinformatical prediction of subcellular localization remains challenging with current predictive algo-

rithms, yet offers a great opportunity to examine protein interactions beyond the scope of their canonical

field of action. This is crucial to understand a protein’s evolutionary background and—in our case—its role

in the etiology of a disease. Although signal sequence predictions by NESmapper and NLStradamus are

not to be taken at face value as definitive localization criteria, they allow us to statistically analyze their

strength in correlation with other variables, such as clade affiliation or mode of mitosis. We took care

not to overestimate the conclusion that can be drawn from our bioinformatical studies and are aware

that the predictions do not encompass the full spectrum of possible nuclear import and export mechanisms

for proteins. Factors like protein-interaction-mediated (indirect), nucleo-cytoplasmic translocation of pro-

teins, and non-canonical signal sequences (e.g., PY-NLS) are not negligible but virtually impossible to rule

out for any comparable approach and need validation beyond bioinformatic detection. We argue that this

was not in the scope of this work and that our approach is cautious enough to justify the limitation. To vali-

date our bioinformatic findings, we used a human cell model, HEK293T cells that are explicitly unciliated

throughout the course of the experiments. While this reduces the possibility to validate functionality of

our tagged proteins through their association with primary cilia, we could ensure that proteins would repli-

cate their non-ciliary localization in unciliated cells as the sequestering effect of a cilium would be ablated.

We chose to overexpress tagged BBS proteins in these cells as to enhance detection rather thanmeasuring

endogenous levels of protein as reliable antibodies for endogenous BBS proteins are not available. This

renders microscopy after indirect immunofluorescent labeling more difficult to interpret as mislocalization

after fixation is a known limitation,68 but the disctint patterns observed after staining differentially trans-

fected cells attest that nuclear localization of BBS proteins is not artifactual. Additional in-depth experi-

ments, including live-cell-imaging with fluorescently labeled proteins and mass spectrometry, would be

required to ratify our data further which was beyond the scope of our exploratory study.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Requests for further information or regarding resources, reagents, protocols, and data should be directed

to and will be handled by the lead contact, Helen Louise May-Simera (may-simera@uni-mainz.de).

Materials availability

Maps and sequence files for plasmids generated in this study are available under the DOI listed in the key

resources table. To access plasmids, please refer to the lead contact for further information.

Data and code availability

d Signal sequence prediction data (.nes and.nls) have been deposited at Figshare and are publicly avail-

able as of the date of publication. DOIs are listed in the key resources table. Original Western Blot

and microscopy files reported in this paper will be shared by the lead contact upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal (clone M2) mouse anti-FLAG Sigma-Aldrich Cat# F1804; RRID: AB_262044

Monoclonal (clone D16H11) rabbit anti-GAPDH Cell Signaling Technology Cat# 5174; RRID: AB_10622025

Polyclonal rabbit anti-Histone H3 Proteintech Cat# 17168-1-AP; RRID: AB_2716755

Monoclonal (clone 9B11) mouse anti-myc Cell Signaling Technology Cat# 2276; RRID: AB_331783

Polyclonal donkey Alexa Fluor� Plus 488 anti-mouse Invitrogen Cat# A-21202; RRID: AB_141607

Polyclonal donkey IRDye� 800 CW anti-Mouse LI-COR Biosciences Cat# 926-32212; RRID: AB_621847

Polyclonal donkey IRDye� 680 RD anti-Mouse LI-COR Biosciences Cat# 926-68072; RRID: AB_10953628

Polyclonal donkey IRDye� 800 CW anti-Rabbit LI-COR Biosciences Cat# 926-32213; RRID: AB_621848

Polyclonal donkey IRDye� 680 CW anti-Rabbit LI-COR Biosciences Cat# 926-68073; RRID: AB_10954442

Chemicals, peptides, and recombinant proteins

Digitonin Sigma-Aldrich Cat# D141; CAS: 11024-24-1; EC: 234-255-6

Hexylene glycol Sigma-Aldrich Cat# 112100; CAS: 107-41-5; EC: 203-489-0

Protease and Phosphatase Inhibitor Cocktail (100X) Thermo Fisher Scientific Cat# 78440

Benzonase Merck Cat# E1014; CAS: 9025-65-4

Deposited data

Plasmids coding for FLAG-tagged BBS proteins This paper figshare.com:

Signal sequence prediction files (Data S2) This paper figshare.com: https://doi.org/10.6084/m9.figshare.22140347.v1

Script for statistical analysis (Data S2) This paper figshare.com: https://doi.org/10.6084/m9.figshare.22140347.v1

Experimental models: Cell lines

HEK293T N/A RRID: CVCL_0063

Recombinant DNA

Plasmids coding for FLAG-tagged BBS proteins This paper figshare.com: https://doi.org/10.6084/m9.figshare.22140458.v1

Software and algorithms

R (version 3.6.3) https://www.R-project.org/ RRID: SCR_001905

FIJI Schindelin et al.69 https://doi.org/10.1038/nmeth.2019; RRID: SCR_002285

FIJI macro for image preparation and micrograph

analysis (Data S1)

This paper figshare.com: https://doi.org/10.6084/m9.figshare.22140278.v1
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d All original code has been deposited at Figshare and is publicly available as of the date of publication.

DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human embryonic kidney (HEK293T) cells derived from a female were cultivated in Dulbecco’s Modified

Eagle’s Medium (DMEM; Thermo Fisher Scientific GmbH, Dreieich, Germany) supplemented with 10%

Fetal Bovine Serum (FBS; Thermo Fisher Scientific GmbH, Dreieich, Germany) at 37�C and 5% CO2 in

high humidity.

METHOD DETAILS

Proteomic dataset procurement

Proteomic datasets were compiled from predicted proteomes of 40 extant eukaryotic species selected to

give good distribution across eukaryotes for which data are available. Organisms were selected to give

coverage of organisms: a) from six major eukaryotic clades (Amoebozoa, Fungi, Holozoa, Excavata, SAR

and Archaeplastida); b) with or without cilia; and c) that are known to undergo open, closed, semi-open,

or semi-closed mitosis. Redundancy in predicted proteomes was reduced by removal of sequences with

>95% identity for a given species. This reduces skewing during Hidden Markov model (HMM) building to-

ward models reflecting minor differences in organisms with many predicted variants. The list of proteome

sources and versions can be found in Table S2.

Homologue prediction/phylogenetic inference

Similarity searches for BBSome proteins BBS1, BBS2, BBS7, BBS9; BBS4, BBS8; BBS5; and BBS9 and for

chaperonin-like BBS proteins BBS6, BBS10 and BBS12 were conducted using a combined BLAST and

HMM approach. Initially, a BLASTp70 search (version 2.2.26) of the predicted proteomes was conducted us-

ing human BBS proteins as queries. E-value thresholds for each protein were chosen conservatively by

manual inspection of hits. Retrieved sequences were then aligned using MAFFT (Multiple Alignment using

Fast Fourier Tranform) v7.271 L-INS-i strategy71 (–maxiterate 1000 –localpair). The resulting alignment was

trimmed using TrimAl v1.272 with heuristic selection of the automatic method (-automated1). This align-

ment was then used to build a Hidden Markov Model for the BBS protein and this was used to search

the datasets again using HMMER3.73 Any additional hits from HMM searches were incorporated into a

new model, and this process was iterated until no further hits above threshold were achieved.

To check for orthology within hits from HMM searches, hits were aligned against outgroups of likely pa-

ralogues from the next best scoring HMM hits below the collection threshold (Figure S2). Alignments

and trimming was performed as above. Phylogenetic trees were inferred by the approximately

maximum-likelihood method implemented by FastTree 2.174 using the Le-Gascuel (LG) amino acid substi-

tution matrix75 and a discrete gamma model for heterogeneous site evolution with 12 rate categories. Sets

of proteins that formed both a consistent set above threshold in iterative HMM searches and also formed a

monophyletic group in phylogenies were considered orthologues. The final list of all predicted BBS protein

orthologues of human BBS proteins is given in Table S3, along with the sequences and positions of

NLS/NES.

Ancestral sequence reconstruction

Most probable ancestral sequences according to the marginal reconstruction were inferred using fastML

v3.1176,77 using the Wheelan and Goldman (WAG) substitution matrix. Alignments for sequence recon-

structions were generated from unaligned sets of BBS orthologues (defined as described above). Regions

of sequence occurring only in one organism were removed, but other indels were reconstructed using the

likelihood-based mixture model implemented by fastML (–indelReconstruction ML). The branching order

for sequence evolution was constrained to be the most likely topology of the tree of eukaryotes (Figure 1)

with taxa but with inclusion of only organisms in which an orthologue of the specific BBS protein under

consideration was detected. Where an organism contained more than one homolog of a specific BBS pro-

tein, only the sequence with the highest similarity to orthologues in other organisms analyzed was included

to prevent reconstruction being biased by divergent in-paralogues.
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Signal sequence prediction

NLS prediction was by NLStradamus v1.878 with a minimum probability threshold of 0.7 (37% sensitivity

against a dataset of non-yeast sequences). NES prediction was by NESmapper v.1.079 with a minimum

score threshold of 4 (73% sensitivity against experimentally validated functional Leptomycin-B-responsive

NES from yeast proteins).

Transfection

Transfections were performed with jetPRIME Kit (Polyplus, Illkirch, France) according to protocol: For

immunofluorescence analysis, 1.5 3 105 cells were seeded into one well of a 6-well plate and transfected

with 2 mg plasmid DNA the following day. For fractionation, 43 106 cells were seeded in a 15 cm cell culture

dish and transfected with 24 mg plasmid DNA the following day. The p3xFLAG-CMV vector backbone

modified with Gateway-compatible attL sites (gifted from Stef Letteboer, Radboud University Medical Cen-

ter, Nijmegen, The Netherlands) was used to produce plasmids with N-terminally 3xFLAG-tagged coding

sequences of BBS proteins BBS1, BBS2, BBS4, BBS5, BBS6, BBS7, BBS8, BBS9, BBS10, and BBS12. Integra-

tion of coding sequences flanked by attL sites into the destination plasmid was facilitated via Gateway-

cloning with Gateway LR Clonase II Enzyme Mix (Invitrogen GmbH, Karlsruhe, Germany).

Subcellular fractionation

To assess subcellular localization of FLAG-tagged BBS proteins, transfected cells were lysed and fraction-

ated after Baghirova.69 In this work, the original protocol was used in the following, modified form: A 15 cm

cell culture dish was seeded and transfected as described above. Cells were detached 24 h post transfec-

tion with 2 mL TrypLE Express (1X) (Fisher Scientific GmbH, Schwerte, Germany). Then 8 mL DMEM with

10% FBS and 1% Penicillin/Streptomycin were added, and the cell suspension collected. Cells were centri-

fuged at 500 3g for 10 min at 4�C. All following steps were performed at 4�C in a cold room: After discard-

ing the supernatant, the pellet was resuspended in 500 mL ice-cold PBS (137 mMNaCl; 2.7 mM KCl; 10 mM

Na2HPO4; 2 mM KH2PO4; pH 7.4). The cells were again centrifuged at 500 3g for 10 min at 4�C. The super-

natant was discarded and 400 mL Lysis Buffer A (150 mM NaCl; 50 mM HEPES pH 7.4; 25 mg/mL Digitonin;

1 M Hexylene glycol; 1% v/v Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific GmbH,

Dreieich, Germany) freshly before use) was added and the pellet resuspended. After incubating for 10 min

on an end-over-end rotator cells were centrifuged at 2000 3g for 10 min at 4�C. The supernatant was

collected as cytosolic fraction (C). 400 mL Lysis Buffer B (10 mM NaCl; 50 mM HEPES pH 7.4; 1% v/v NP-

40; 1 M Hexylene glycol; 1% v/v Protease and Phosphatase Inhibitor Cocktail freshly before use) was added

to the pellet and resuspended by vortexing. After incubating for 30min on ice the tubes were centrifuged at

7000 3g for 10 min at 4�C. The supernatant was collected and set aside as the membrane-bound organ-

elles fraction (M) to keep the nuclear fraction clean. Then 400 mL Lysis Buffer C supplemented with Urea

(150 mM NaCl; 50 mM HEPES pH 7.4; 0.5% w/v Sodium deoxycholate; 0.1% w/v Sodium dodecyl sulfate;

1 M Hexylene glycol; 8 M Urea; 0.875 units/mL Benzonase (Merck KGaA, Darmstadt, Germany) and 1%

v/v Protease and Phosphatase Inhibitor Cocktail freshly before use) were added, and the pellet was resus-

pended by pipetting. The highly viscous liquid was incubated on an end-over-end rotator for 30-45 min,

resuspended by pipetting and incubated for another for 30-45 min. This suspension contains the nuclear

fraction (N).

Polyacrylamide gel electrophoresis

Subcellular fractions were denatured with Laemmli Buffer (final conc. 2% w/v Sodium dodecyl sulfate;

10% v/v Glycerol; 5% v/v b-Mercaptoethanol; 0.002% w/v Bromophenol blue; 62.5 mM Tris-HCl, pH

8.0) before loading onto polyacrylamide gels. 100 mg of protein was loaded per sample to estimate

nuclear protein levels compared to the cytosol. Samples were separated at 13.75 V/cm (V� const.) for

20 min, then 22.5 V/cm for 35 min in Running Buffer (25 mM Tris; 192 mM Glycine; 1% w/v Sodium

dodecyl sulfate).

Western blot

Proteins were transferred from SDS gels to polyvinylidene difluoride (PVDF) membranes (pore size 0.45 mm;

Merck KGaA, Darmstadt, Germany) using the Western Blot method. After transfer, the membrane was

blocked in Milk Blocking Buffer (5% w/v skim milk powder; 0.1% v/v Tween 20; in TBS [20 mM Tris;

150 mM NaCl; pH 7.6]) for 1 h at room temperature. Primary antibodies were added for 12 h at 4�C at their

respective dilutions (see ‘‘antibodies’’). Primary antibodies were then removed, the membranes washed
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thrice in TBS-T (0.1% v/v Tween 20; in TBS) and secondary antibodies were added for 1 h at room temper-

ature at a 1:10000 dilution in Milk Blocking Buffer. Secondary antibodies were discarded and the blot was

washed twice in TBS-T and once in TBS. The blots were scanned at the respective excitation wavelengths of

the secondary antibody fluorophores in an LI-COR Odyssey Fc Imaging System (LI-COR Biosciences

GmbH, Bad Homburg, Germany).

Immunocytochemistry

For immunocytochemical staining, medium was removed from transfected HEK293T cells 24 h post trans-

fection. Cells were washed once with PBS. Cells were fixed by incubation with 4% paraformaldehyde for

10 min at room temperature. Cells were washed three times with 1x PBS. Formaldehyde was quenched

by addition of 50 mM NH4Cl for 10 min at room temperature. Coverslips were incubated for 15 min with

PBS-TX (0.3% v/v Triton X-; in PBS) for permeabilisation. For blocking, cells were incubated in Fish Block-

ing Buffer TX (0.1% w/v Ovalbumin; 0.5% w/v Gelatin from coldwater fish; 0.3% v/v Triton X-; in PBS) for

1 h. Anti-FLAG antibody in Fish Blocking Buffer TX was added to the cells and incubated overnight at 4�C

under high humidity. Cells were washed three times with PBS-TX. Alexa Fluor Plus 488 Donkey anti-

mouse and 40,6-Diamidino-2-phenylindol (DAPI, 1:8000; both in Fish Blocking Buffer TX) were added

to the cells. After 1h incubation cells were washed twice with PBS-TX and once with PBS. Cells were

mounted in Fluoromount-G (SouthernBiotech, Birmingham, AL) on a superfrost slide and curated for

24 h before imaging. Images of immunocytochemically stained cells were acquired on a Leica

DM6000B microscope (Leica Microsystems GmbH, Wetzlar, Germany) with a sCMOS Microscope Camera

K5 (Leica Microsystems GmbH, Wetzlar, Germany). The software used for image visualization was Leica

Application Suite X (LAS X) (Leica Microsystems GmbH, Wetzlar, Germany). Fluorescence images were

processed in Fiji80 with the LIF2TIF image converter.81 The script to prepare and analyze image micro-

graphs is accessible as a supplementary file.

Antibodies

This study used antibodies for indirect immunofluorescent staining (IF) and protein detection after Western

Blotting (WB). The following antibodies were used at the respective dilutions: anti-FLAG (host: mouse;

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany; Cat.no. F1804), IF: 1:200, WB: 1:1000; anti-GAPDH

(host: rabbit; Cell Signaling Technology Europe, B.V., Leiden, The Netherlands; Cat.no. 5174), WB:

1:2000; anti-Histone H3 (host: rabbit; Proteintech, Martinsried, Germany; Cat.no. 17168-1-AP), WB:

1:1000; anti-myc (host: mouse; Cell Signaling Technology Europe, B.V., Leiden, The Netherlands; Cat.no.

2276), WB: 1:2000; Alexa Fluor Plus 488 Donkey anti-mouse (host: donkey; Invitrogen GmbH, Karlsruhe,

Germany; Cat.no. A-21202), IF: 1:400; IRDye 800 CW anti-Mouse IgG (host: donkey; LI-COR Biosciences

GmbH, Bad Homburg, Germany; Cat.no. 926-32212), WB: 1:10000; IRDye 680 RD anti-Mouse IgG (host:

donkey; LI-COR Biosciences GmbH, Bad Homburg, Germany; Cat.no. 926-68072), WB: 1:10000; IRDye

800 CW anti-Rabbit IgG (host: donkey; LI-COR Biosciences GmbH, Bad Homburg, Germany; Cat.no.

926-32213), WB: 1:10000; IRDye 680 RD anti-Rabbit IgG (host: donkey; LI-COR Biosciences GmbH, Bad

Homburg, Germany; Cat.no. 926-68073), WB: 1:10000.

Software and packages

Other than the software mentioned before, the following programs and software were used: Statistical

analyses were conducted in R, version 3.6.382. Violin plots were plotted with the ‘vioplot’ package for

R83, data frames were manipulated in part with ‘dplyr’.84 Code that was adopted from third parties (e.g.

via GitHub or stackoverflow) is acknowledged in the respective places in the supplementary R code. Scripts

for parsing files in orthologue searches and modeling were provided by B.W. Figures were made in

Inkscape.85

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed by Monte Carlo sampling. Probability distributions were inferred by

creating random samples of equal size to the test set from reference sets conforming to the appropriate

characteristics (e.g. clade affiliation, subcellular localization, etc.). 10000 samples were taken in all cases

without replacement. Correction for multiple testing was carried out using the Benjamini-Hochberg

procedure.86
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To test for association between NLS/NES and mode of mitosis a similar approach was taken by construct-

ing a metric of NLS/NES scores multiplied by a factor representing the mode of mitosis (where 1 indicates

fully open mitosis; 0.5 semi-open; �0.5 semi-closed; and �1 fully closed). Factors for species for which

mode of mitosis is not known were set to 0. To test the effect of mitotic mode, datasets of equal size as

the test set were randomly generated as above, but with permutation of modes of mitosis across the

set. 10000 iterations were used to estimate the probability distribution.

Significance levels were defined as follows: ns: not significant, 0.05 % p; *: p < 0.05.
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Fig. S1 (related to Fig. 1):  Distribution of predicted orthologues in comparison to previous 

work. Presence or absence that was previously known is denoted as green circles, novel hits are 

denoted by purple circles.

Fig. S2 (related to Fig. 2): Maximum-likelihood phylogenetic trees for each BBS protein used 

in this work. Sequences included as outgroups are shown in grey. Bootstrap (BS) and Shimodaira-

Hasegawa (SH) branch support values are given at each node (colour-coded nodes are darker when 

support is stronger). Protein domain architectures are based on similarity to models in Pfam-A v32 

with E-value ≤ 10-3 (84). A) BBS1; B) BBS2; C) BBS4; D) BBS5; E) BBS6; F) BBS7; G) BBS8; 

H) BBBS9; I) BBS10; J) BBS12 tree with top three (orange) hits after reciprocal BLASTp search 

against the NCBI ‘nr’ database, and dictyostelial CCT homologues (green); K) BBS18. 

Fig. S3 (realted to Fig. 3): Distribution of predicted nuclear signals in BBS orthologues and 

statistical analysis of their prevalence in orthologue groups.  Proteins are grouped according to 

their  complex and compared subsequently.  Neither  BBSome nor  chaperonin-like  complex have 

significantly higher NLS (left) or NES (right) signatures than proteins predicted to be in the cytosol, 

or all predicted proteins encoded in the organisms in the analysis, except for BBSome compared to 

cytosolic proteins (permutation test; ns: not significant, 0.05 ≤ p; *: p < 0.05). 

Fig. S4 (related to Fig. 4): Clade-wise comparison of nuclear signal sequence scores for BBS 

proteins against other protein reference groups. Tests were carried out for BBS proteins of one 

higher taxonomic unit vs. BBS proteins, “cytosolic” or any proteins of any taxonomic unit. A), B) 

and C) show the comparisons at different taxonomic depths (permutation test).

Fig. S5 (related to Fig. 7): BBS nuclear localisation is independent of tag.  Western blot after 

subcellular  fractionation of transiently transfected HEK293T cells  shows nuclear localisation of 

BBS6 and BBS8. Fusion constructs are expressed and detected at the expected sizes (BBS6 62 kDa; 

BBS8: 62 kDa). Successful fractionation was determined by presence of marker proteins for the 

cytosol  (GAPDH)  and  the  nucleus  (Histone  H3).  Immunocytochemical  stainings  of  transiently 

transfected HEK293T cells expressing myc-tagged BBS proteins show a similar nuclear localisation 

as  cells  expressing FLAG-tagged BBS6 and BBS8.  Arrows mark the data points  used for line 

plotting in direction of the arrow. Scale bar: 5 μm. Plot X-axis: length [pixels]; Plot Y-axis: pixel 

intensity [arbitrary units].
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ALTERNATIVE NON-CILIARY FUNCTIONS

3.1. PREFACE

Cilia in insects are highly specialised and are only known to appear on two tissue types: neuronal

tissue, and the flagellated sperm of males (Keil, 2012; Lattao et al., 2017). However, their assembly

and maintenance mechanisms are largely homologous to other ciliated eukaryotes. As fewer cell

types exhibit cilia than in other animals, insects might prove a helpful resource to search for non-

ciliary functions of BBS proteins.  Studies in the fruit  fly  Drosophila melanogaster as  a model

system  have  fundamentally  shaped  our  understanding  of developmental  biology  for  decades

(Jennings, 2011), but the species offers limited opportunity to search for non-ciliary BBS functions

as it lacks the genes for two out of eight BBSome proteins (BBS2 and BBS7)  (Ewerling et al.,

2023b; Hodges et al., 2010).  BBS1 however has been implicated in gene regulatory functions in

Cape honey bees (Wallberg et al., 2016), so insects might warrant further research into this topic. In

the following work, we compiled several insect proteomes from disparate taxa to search for BBS

protein homologues to determine if other insects share a reduced set of BBS proteins. We found that

D. melanogaster is  an  anomaly  in  the  queried  insect  proteomes  as  most  species  showed clear

homologues  to  all  BBSome  proteins.  Sequence  identity  across  species  shows  that  some  BBS

proteins are more conserved than others, with BBS5 showing the highest inter-species variance and

thus most potential for gain-of-function mutations during evolution. Further analyses of expression

profiles of BBS homologues in the honey bee Apis mellifera showed that indeed, BBS proteins are

most  expressed  in  gonads  and neuronal  tissue,  both  of  which  are  known to  be  ciliated.  Most

differentially expressed genes are BBS4, 5, 7, and 8, which all have been previously described as

nuclear in other species  (Ewerling et al.,  2023b; Gascue et al.,  2012; Horwitz and Birk, 2021).

Expression of BBS5 and BBS8 is highest in the brain, and there are significant differences between

male and female BBS5 and BBS8 expression on a tissue level. This hints at a role for these proteins

beyond their function in the BBSome.and highlights both the importance of broad sampling for

phylogenetic  homologue searches  as  well  as  insects  as  a  valuable  resource  when studying the

interactome of BBS proteins.  

The manuscript  was written by Alexander Ewerling and Isa Graebling in a  co-authorship,  with

discussion and editing contributions by Susanne Foitzik, Thomas J. Colgan, and Helen May-Simera.

This  part  of  the  thesis  was  submitted  to  Royal  Society  Open  Biology  for  peer  review and  is

available on a preprint server (bioRxiv, https://doi.org/10.1101/2023.07.28.550953). 
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ABSTRACT 

Cilia and flagella were one of the characteristic traits of the last eukaryotic common ancestor and as 

such, are highly conserved among eukaryotes. Their proteomic makeup is consequently remarkably 

similar throughout all eukaryotic lineages. Recently, one subgroup of ciliary transport proteins in 

mammalian cells, the Bardet-Biedl Syndrome (BBS) proteins, was shown to have the ability to traverse 

the nuclear envelope, and to engage in protein-protein-interactions that modulate gene expression, 

signalling cascades, and cell homeostasis. Insects have been critically understudied in cilia biology 

because of their highly specialised cilia being localised on only a small subset of cell types. In this study, 

we present evidence that the BBSome, a hetero-octameric ciliary transport complex of BBS proteins, 

is largely conserved in multiple insect lineages. Using the honeybee Apis mellifera as a study system 

to explore BBS-associated gene expression, our analyses suggest that not all BBSome-associated 

genes are expressed equally, indicating possible non-ciliary functions. We also demonstrate that the 

expression of individual BBS proteins varies significantly between the tissues of queens and males in 

A. mellifera, especially in neuronal tissue. This result raises the question of what role BBS proteins play 

in these tissues and whether they are involved in gene regulation in insects. The potential gene 

regulatory function of BBS proteins should be explored in other eukaryotes due to their high degree of 

conservation. 

 

INTRODUCTION 

Cilia are tiny hair-like microtubule-based organelles extending from the surface of most eukaryotic 

cells. These ancient organelles have a conserved structure, function, and proteome across 

eukaryotes (1,2). They can be structurally divided into the basal body, which resides in the 

cytoplasm, the transition zone, the membrane-sheathed axoneme, and the ciliary tip (3) (Fig. 1A). 

While single-celled eukaryotes generally display motile cilia facilitating locomotion and sensory 

perception of the environment (2,4–6), immotile (or “primary“) cilia are mostly found as single copies 

per cell in metazoan cell types (7–9). Acting as a complex signalling centre, primary cilia are essential 

for several biological processes ranging from chemo- and mechanosensation to transduction of 
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numerous signalling cascades. Defects in cilia can cause multiple multisystemic diseases, referred 

to as ciliopathies, which show a wide variety of partly overlapping phenotypes (10–12). One of these 

diseases, Bardet-Biedl Syndrome (BBS) (13,14), represents a genetically heterogeneous inherited 

disorder that is considered the archetypical ciliopathy since patients exhibit virtually all symptoms 

associated with ciliary dysfunction. These include retinal degeneration, kidney disease, obesity, and 

mental retardation. BBS is caused by pathogenic mutations in genes encoding BBS proteins, which 

are all involved in facilitating ciliary trafficking which underlies ciliary signalling (15–18) (Fig. 1A).  

 

Three main processes interact to make signalling pathways within cilia possible: trafficking of 

proteins to cilia from the cytoplasm, selective passage at the base of the cilium (the so-called 

‘transition zone’), and specific intraflagellar transport (IFT) along the ciliary axoneme (15,19,20). The 

BBSome, a hetero-octameric complex consisting of the BBS proteins BBS1, BBS2, BBS4, BBS5, 

BBS7, BBS8, BBS9 and BBS18 (17,18,21), is considered an adaptor that couples ciliary cargo 

proteins to motor proteins and IFT complexes. In addition to the transport of vesicles to cilia, the 

BBSome is required to promote the retrieval and export of specific transmembrane proteins from the 

cilium (16,19,22–24). Therefore, the BBSome plays an important role as a key regulator of cilia 

composition. A second characteristic group of BBS proteins, so-called chaperonin-like BBS proteins, 

is comprised of BBS6, BBS10 and BBS12, which show structural homology to the chaperonin-

containing t-complex protein 1 (CCT) family of group II chaperonins (25). It was previously 

demonstrated that these proteins form a hetero-oligomeric complex with other CCT proteins, and 

that this process plays a key role in the regulation of BBSome assembly (26,27). Cilia structure and 

function are highly dependent on specific proteins localising to the cilium and given that BBS proteins 

are required for this, the function of cilia directly depends on their functionality. In addition to the 

important role BBS and other ciliary proteins play in cilia, they have also been described to function 

in other cellular processes, such as cell cycle regulation (28) as well as regulation of gene expression 

by interacting with transcription factors and RNA polymerases (29) (for reviews, see (30–32)). 

Besides their ciliary functions, the biochemistry and modes of action of BBS proteins outside of cilia 

are largely unknown. 

 

One approach to further elucidate molecular mechanisms of ciliary proteins in non-ciliary functions 

is from an evolutionary perspective. Cilia are present in most eukaryotes; however, they were lost 

independently on multiple occasions in distantly related taxa (33). Despite the absence of a classical 

cilia, genes coding for putative BBS proteins were shown to still be present in some of the genomes 

of these organisms. A prime example is the parasite Toxoplasma gondii where cilia assembly occurs 

independently of the BBSome. A single putative BBS5 gene homologue is still actively expressed in 

a non-flagellate state of the parasite’s life cycle (34), suggestive that the BBS-like protein does not 

perform cilia-associated functions and may have an alternative role. These non-ciliary functions may 

be crucial for an organism’s gene regulation as interactions with transcription factors and RNA 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 30, 2023. ; https://doi.org/10.1101/2023.07.28.550953doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.28.550953


polymerases have been identified (29). Consequently, these proteins might be essential beyond their 

ancestral ciliary functions. It is therefore of great interest to study the evolutionary patterns of putative 

BBS homologues and their expression in organisms that lack classical cilia. Indeed, insects possess 

those cilia in neurons and spermatozoa exclusively (35,36), and thus offer a unique opportunity to 

identify possible alternative functions of those genes through the determination of their expression 

outside of cells and tissues associated with the cilia. 

 

As a preliminary step towards identifying possible alternative functions, we first determined whether 

there are homologues of human BBS proteins in representative members of diverse insect orders 

(Fig. 1B). More specifically, our study focussed on the BBS proteins that form part of the BBSome, 

as well as the genes encoding the chaperonin-like BBS proteins. The BBSome is ancestrally 

conserved in ciliated species and was predicted to be present in the last eukaryotic common 

ancestor (LECA) while the chaperonin-like BBS proteins are restricted to the unikont lineage (which 

includes animals and fungi) and the basal eukaryote Malawimonas jakobiformis (37), but are mostly 

found in metazoa. As mere presence or absence of protein homologues is a poor indicator of 

functionality, we also screened transcriptomic data of the well-studied honeybee Apis mellifera for 

expression of BBS proteins. Honeybees represent one of the most important pollinators, essential 

for the maintenance of agricultural yields and wildflower diversity (38). The genome was one of the 

earliest insect genomes to be sequenced (39) and assembled with the species having a wide range 

of transcriptomic and proteomic resources available (40,41). From an evolutionary perspective, 

honeybees are also part of the social Hymenoptera whereby caste differentiation has evolved within 

the female sex resulting in the expression of morphologically, behaviourally, and physiologically 

distinct phenotypes (42). Using publicly available datasets, we investigated sex- and tissue-specific 

expression differences to elucidate potential novel roles for BBS proteins in insects. 

 

RESULTS AND DISCUSSION 

Homology-based search reveals conservation of BBSome-associated proteins across 

insects 

Our aim in this study was to investigate the occurrence and distribution of BBS proteins across highly 

divergent insect lineages. We started by studying the transcriptomes and genomes of different taxa 

and, in a second step, took a closer look at the proteomes of some insect species. To achieve this, 

we compiled a broad spectrum of predicted insect proteomes (n = 11 species across six orders; Fig. 

1B). Divergence at the genome level is often so high that it is difficult to identify homologous genes 

with a high degree of certainty. However, since the protein sequence is much more conserved, 

protein-based analyses allow a closer look at the occurrence of homologous BBS proteins even in 

distant taxa. 
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In Drosophila melanogaster, cilia and flagella are only found on sperm cells and neurons (36). They 

still possess a functioning, relatively intact BBSome, albeit in a reduced form, with BBS2 and BBS7 

missing from the otherwise complete complex found in other metazoa (37,43,44). We therefore 

investigated if a partial reduction (or even complete loss) is common across other insect taxa, or if 

the loss of single components identified in D. melanogaster is the onset of a taxonomically-restricted 

gradual loss of cilia. We screened the different insect species’ genome and transcriptome 

assemblies to compare conservation on nucleotide and peptide levels. Generally, over large 

evolutionary distances, gene-based orthology searches are only a weak indicator of presence or 

absence of a given gene, as codon bias might heavily skew the analysis, whilst proteins are highly 

conserved on an amino acid level, but not necessarily on nucleotide level. When BLAST-searching 

insect genomes with human nucleotide seeds we found a high rate of false-positive, and that only 

strict E-value cut-offs result in true hits (Fig. 2A). The case is similar when searching for transcribed 

BBS genes: almost none of the BBS genes appear to be transcribed in queried species, apart from 

BBS8. In addition to its role in ciliary trafficking, BBS8 has been shown to play a crucial role in 

centrosome stability and cell division (45–47). This suggests that: 1) the putative non-ciliary functions 

of BBS8 are independent of tissue, as inferred transcripts cannot be confidently assigned to a 

specific tissue of a given species; and 2) when searching for non-ciliary functions of BBS proteins, 

tissue-dependent expression plays a pivotal role in detectability. Considering the first point, it is 

interesting to find BBS4, BBS5, and BBS7 homologues also being expressed in some insect species. 

Previous studies showed a high probability for the proteins to be localised to the nucleus at some 

point, and also showed a nuclear localisation for the human orthologues (29,37). This merits further 

investigation into where these proteins might be expressed, especially in respect to tissue- and sex-

dependent differences. As these gene products are most commonly found in the transcriptomic 

datasets across different species, the underlying basis for this conserved expression might be a 

conserved, non-ciliary function.  

 

To compare genome- and transcriptome-based searches with protein homologue searches, we 

compiled corresponding predicted proteomes from NCBI to conduct an all-versus-all BLAST-based 

homology search using OrthoFinder (48). We found that homologues of genes encoding BBS 

proteins that build the BBSome in humans (BBS1, BBS2, BBS7, BBS9, BBS4, BBS8, BBS5, BBS18) 

are present in almost all insect species, with the exception of BBS18 (Fig. 2B, Supp. Table S1). 

None of the queried species had homologues for chaperonin-like BBS proteins BBS6, BBS10 or 

BBS12. This lack of detection may be due to loss of genes in insects, gain of genes in mammals, or 

divergence of homologues beyond the point of detection. As cilia are built in highly specialised cell 

types in insects, there might not be a need for specialised CCT-derived BBS proteins in these cells 

to aid the folding of the BBSome. Overall, the high degree of conservation of the BBSome is reflected 

in most insect lineages, with D. melanogaster being a notable exception. BBS1-like proteins BBS2 

and BBS7 were found to be missing in D. melanogaster, supporting previous studies that used 
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different approaches such as reciprocal best BLAST (RBB) and Hidden Markov Model (HMM) 

searches (37,43). Interestingly, the only BBSome protein missing in A. mellifera was BBS1. Given 

that BBS1 is missing while other BBS1-like proteins are conserved in honeybees, it is likely that the 

function of BBS1 is now performed to some extent by BBS2, BBS7, or BBS9, which is also 

hypothesised for the D. melanogaster BBSome missing BBS2 and BBS7 (37). BBS1, BBS2, BBS7, 

and BBS9 all have similar protein architecture (N-terminal β-propeller, followed by an ɑ-helical linker 

and ɣ-adaptin-ear domain); BBS1 differs in that it is missing the platform- and C-terminal ɑ-helix 

domains present in BBS2, BBS7 and BBS9. Ultrastructure of the mammalian BBSome was recently 

established (18), which suggests that BBS1 mediates the interaction between ARL6 and the BBsome 

needed for membrane attachment. Interaction is facilitated by the ɣ-adaptin-ear domain of BBS1 but 

that domain is also present in the other ‘BBS1-like’ proteins, so BBS1 itself may be substitutable in 

the BBSome of some species. This is supported by the low sequence similarity of honeybee BBS1 

to human BBS1 (Fig. 3A), which could result from relaxed purifying selection or positive selection 

acting in one or both species driving divergence.  

 

Overall, there was significant variation in terms of percentage identity shared between specific 

human BBS proteins and their insect homologues (min: 35% (BBS9); max: 54.8% (BBS5); Fig. 

3A,B), which may reflect differences in terms of evolutionary conservation. While there is no single 

group of insects standing out in terms of conservation, there is a trend for individual BBS proteins to 

be generally more conserved than others. For example, the lowest sequence similarity to human 

BBS proteins is seen in BBS1 and BBS9, and highest in BBS5 (Fig. 3A). BBS8 has the most variation 

in sequence similarity of all BBSome proteins across insects (Fig. 3B). Low sequence similarities 

could reflect reduced constraints on functionality derived from specific amino acids, leaving room for 

evolutionary divergence and acquisition of novel functions. However, non-conserved structures may 

be amenable to loss, as could be the case for BBS1 in honeybees. The strikingly high sequence 

conservation of BBS5 on the other hand hints at potentially conserved functions, possibly outside 

cilia.  

 

BBS protein expression is different in tissues of queens, workers and males 

To understand variation in gene expression profiles of BBS insect homologues, we examined 

differential gene expression of putative BBS homologues across sexes and tissues of A. mellifera 

(Supp. Table S2). Given that honeybee queens and males – referred to as drones – differ extensively 

in terms of physiology, morphology, and behaviour, yet share the same genome, such observed 

phenotypic differences are regulated via differential gene expression. Using datasets consisting of 

somatic and germline tissues from honeybee queens and males (49,50), we identified the expression 

of BBS4, BBS5, BBS7, and BBS8 homologues in A. mellifera, with BBS4 being the most highly 

expressed overall (Fig. 4A). While in terms of overall expression there were no significant differences 

between the sexes (Wilcoxon test, p > 0.05; Fig. 4B), we found significantly higher expression of 
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both BBS5 and BBS8 in the brain compared to gonad (Wilcoxon test, pBBS5, brain-gonad = 0.0001, pBBS8, 

brain-gonad = 0.0451; Fig. 4C). This might reflect the high degree of specialisation insect cilia exhibit: in 

D. melanogaster, cilia are only expressed in (sensory) neurons and sperm cells. The fact that not all 

BBS genes are expressed higher in these tissues in honeybees is however intriguing and might hint 

at a more specialised role for these genes and their associated proteins, independent of cilia. We 

further compared the tissues of queens and drones (both within the same sex and versus the other 

sex; Fig. 4D) finding that BBS5 and BBS8 are significantly higher expressed in drone brains 

compared to drone gonads (Wilcoxon test, pBBS5, drone, brain-gonad = pBBS8, drone, brain-gonad = 0.0317; 

Benjamini-Hochberg corrected). The case is the same for BBS8 expressed in queen brains versus 

queen gonads (Wilcoxon test, pBBS8, queen, brain-gonad = 0.0357; Benjamini-Hochberg corrected). When 

comparing expression in the brain, BBS8 is significantly lower expressed in queens compared to 

drones (Wilcoxon test, pBBS8, brain, queen-drone = 0.0357; Benjamini-Hochberg corrected), and BBS5 is 

significantly higher expressed in queen gonads compared to drone gonads (Wilcoxon test, pBBS8, 

gonad, queen-drone = 0.0357; Benjamini-Hochberg corrected). BBS5 and BBS8 both localise to mammalian 

nuclei (37) and both proteins have been shown to interact with E3-ubiquitin-protein ligase RING2 

(RNF2) (29), a protein of the polycomb group (PcG) repressor complex 1 (PRC1). This complex is 

mainly responsible for histone 2A (H2A) monoubiquitylation (51,52), leading to repression of proteins 

crucial during development, such as those encoded by homeobox genes (53,54). Given the high 

degree of sequence conservation, this could also be the case in honeybees. 

 

An alternative, larger tissue dataset consisting of different tissues from honeybee workers, and here 

especially from nurses and foragers, shows a similar picture: BBS4 is expressed quite frequently 

(and relatively strongly) in many tissue types, especially in glandular tissues and antennae (Fig. 4E). 

The consistently high expression of BBS4 in all honeybee glands studied, including the 

hypopharyngeal and mandibular glands in the head of the worker bees and the Nasonov and sting 

glands in their abdomen, suggests a specific function of this gene in glandular physiology, and 

possibly in chemical communication. Interestingly, the other BBS proteins are also relatively highly 

expressed in the antennae. Along with the eyes, the antennae are the most important sensory organs 

of the honeybee and have functions in chemosensory, tactile, temperature and acoustic perception. 

Type I and II cilia have been described for the Johnston organ of the honeybee antenna pedicel (55), 

and cilia have also been found in the odour-detecting sensilla placodea at the tip of the antennae 

(56). Higher expression of BBS proteins in antennae could therefore be due to their cilia function. To 

fully understand the possibly conserved role of BBS proteins in gene regulation, further studies of 

the potential target genes are required. 

 

CONCLUSION 

The findings of this analysis predominantly validate earlier studies regarding the existence of BBS 

homologues in insects, such as A. gambiae, A. mellifera, and D. melanogaster (43,44). While former 
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studies focused on the evolution of molecular intraflagellar transport (44) and the evolutionary history 

of the centriole from protein components (43), our study investigated the evolutionary conservation 

and expression of BBS protein homologues across insect species. We were able to show that 

proteins forming the BBSome are potentially more conserved across insects than previously thought. 

Our study reveals that limiting homologue searches to few model organisms does not necessarily 

reflect the status quo across a larger set of species from the same family and might therefore skew 

conclusions drawn. In previous studies, homologues of all BBSome genes (with exception of BBS2 

and BBS7) were described at the genomic level in A. mellifera and D. melanogaster (37,43,44). 

Interestingly, A. mellifera lacks a putative BBS1 homologue using our search criteria, despite being 

found in another study (43). This is seemingly a contradiction to previous work conducted on a Cape 

honeybee population (57), where the authors concluded LOC102655146, a locus annotated as 

BBS1-protein like, is under selective pressure for the social parasitism phenotype. Given that the 

protein architecture of BBS1 and BBS2 (also BBS7 and BBS9) are similar, it could be that Wallberg 

et al. erroneously ‘identified’ a BBS1-like protein as BBS1. It is still interesting to conduct further 

analyses towards the identified gene to shed light on possible altered protein interactions upon loss 

of one essential BBSome constituent.  

 

The comparison between genomic/transcriptomic searches and proteomic approaches clearly 

shows that with seeds from distantly related species (human vs. insects in this case), orthology 

searches that focus on conservation of amino acid sequences are clearly superior, both in sensitivity 

and sensibility. Upon BLAST analysis, sequences of human BBS proteins were found both in the 

genome and in the transcriptome in each insect. The predicted expression of BBS8 in all but one 

queried species suggests that many insects transcribe BBS proteins, despite the absence of 

classical cilia in most tissues. This leads to the question which alternative function this BBS protein 

might perform in insects. 

 

It is exciting to find a theoretically fully functional BBSome in insects despite their deviation from the 

‘classical’ function of (primary) cilia throughout different tissues seen in other animals. Finding 

proteins differentially expressed between tissues in honeybees indicates that there are probably 

cilia-independent functions. The differential expression of BBSome proteins in ciliated tissues, such 

as the brains of queens and drones, suggests that these proteins may have additional functions 

beyond their role in ciliary transport.  
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FIGURE LEGENDS 

Fig.1: Ciliary functions are conserved in eukaryotes. A) BBS proteins can be found at the ciliary basal 

body where the BBSome is assembled with chaperonin-like BBS proteins in concert with CCT/TRiC 

proteins. Ciliary cargo proteins are then transported along the axoneme with the help of IFT particles 

and motor proteins (adapted from (18,37,58)). B) Although highly specialised, cilia can be found in 

insect neurons and sperm flagella. For orthologue search we assembled proteomes from several 

insect clades, and human and mouse as reference/outgroup. 

 

Fig.2: Evolutionary conservation of core BBSome genes across insects. A) Proteomic search has 

uncovered orthologues to most human BBSome proteins. BBS18 and chaperonin-like proteins BBS6, 

BBS10 and BBS12 are however restricted to humans in this analysis. B) While genome searches 

generally reflect more the proteomic searches, they are easily hitting false-positives (hits for almost all 

chaperonin-like BBS proteins). 

 

Fig. 3: Variation in sequence similarity across insect BBS proteins. A) Scatterplots for each identified 

BBS protein across insect genomes displaying percentage identity at the protein level between 

human BBS proteins (species 1) and putative homologues in insects (n = 11) and mouse (species 

2). Each species is represented by an individual colour. B) Boxplot displaying the distribution of 

percentage identify at the protein level for each BBS protein across all insect species examined (n = 

11 species).  

 

Fig.4: Expression differences of expressed honeybee BBS homologues from queens and drones, and 

across different tissues. A) Variance-stabilising transformed (VST) gene level counts of BBS proteins 

in somatic and germline tissues of honeybee queens and males. B) Expression profiles of BBS proteins 

in the brains and gonads of honeybee queens and drones. C) Expression profiles of BBS proteins 

across different tissues (Wilcoxon test, *: p <= 0.05; ***: p <= 0.001). D) Expression profiles of BBS 

proteins across tissues of different sexes (Wilcoxon test, *: p <= 0.05). E) VST gene level counts of BBS 

proteins in somatic tissues of honeybee foragers and nurse. Q: queen, D: drone; B: brain, G: gonad. 
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MATERIALS AND METHODS 

Data procurement 

The data used for BLAST analyses of transcriptomes and genomes was obtained from the National 

Center for Biotechnology Information nucleotide database. For each insect, the representative genome 

and transcriptome GenBank assemblies were used for this purpose. A list of the GenBank assembly 

accessions can be found in Supp. Table S3. The human BBS accession IDs used as a seed can be 

found in Supp. Table S4.  

 

BLAST analysis and homologue search 

In terms of BLAST analysis (59) a hit is defined by a detected significant similarity between the 

sequences compared with respect to the chosen parameter values. Hits can differ in aspects like 

position, length, e-value and score. In this study the e-value was chosen as representation value to 

classify the significance and display hits. The BLASTn analyses were carried out via the NCBI 

BLAST online tool (general parameters: expect threshold = 0.05, word size = 11; scoring parameters: 

match/mismatch scores= 2,-3, gap costs = existence: 5 extension: 2). 

 

To determine homology of BBS-associated proteins across diverse insect orders, predicted RefSeq 

proteomes were downloaded from NCBI for the following species: Diptera, Drosophila melanogaster, 

Anopheles gambiae; Hymenoptera, Apis mellifera, Bombus terrestris, Nasonia vitripennis, 

Solenopsis invicta, Ooceraea biroi; Lepidoptera, Manduca sexta; Hemiptera, Acyrthosiphon pisum; 

Phthiraptera, Pediculus humanus; Coleoptera, Tribolium castaneum; and Mammalia, Homo sapiens 

and Mus musculus. From each, the longest predicted peptide was extracted using the OrthoFinder 

(v.2.5.4) script primary_transcript.py (48). OrthoFinder was subsequently used (default settings) to 

perform pairwise alignments between each species allowing for the identification and generation of 

orthogroups, which are groups consisting of potential homologues across species of interest. Such 

orthogroups were parsed for the determination of insect homologues of described human BBS-

associated genes. 

 

Differential gene expression analysis 

For the purposes of examining gene expression of putative BBS-associated homologues, we 

examined expression profiles in somatic and germline tissues of the Western honeybee, A. mellifera 

(60), BioProject ID: PRJNA243651; (49), BioProject ID: PRJNA386859; (50), BioProject ID: 

PRJNA689223). We downloaded publicly available transcriptomic datasets from the NCBI Short 

Read Archive using the sra-toolkit. For each library, we extracted the data in FASTQ format and 

performed quality assessments using FastQC v.0.11.9 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Data were filtered using fastp v.0.23.2 

(61) to remove low quality reads and trim adaptors. We then pseudoaligned each sample against an 

indexed predicted transcriptome using kallisto v.0.44.0 (62) providing a transcript-level quantification 
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of expression. Using these estimates, we generated gene-level counts using tximport v1.26.1 (63) 

and for each dataset, generated variance-stabilised transformed data using DESeq2 v1.38.3 (64). 

 

Statistical testing 

Datasets used for statistical testing can be found in Supp. Table S2. Tests were performed in R 

v.4.0.3 (65), with packages tidyverse (66) (including dplyr (67), ggplot2 (68) and stringr (69)), 

reshape2 (70), and FSA (71). The accompanying RMarkdown notebook is available figshare 

(https://doi.org/10.6084/m9.figshare.23780871). Datasets were tested for normality by Shapiro-Wilk 

testing (where normality was assumed if p > 0.05) and depending on outcome, different tests were 

used to compare subsets. Comparisons were done by Wilcoxon rank-sum test (p > 0.05: not 

significant; 0.05 >= p > 0.01: *; 0.01 >= p > 0.001: **; 0.001 >= p > 0.0001: ***). Multiple testing 

correction was done using the Benjamini-Hochberg procedure (72). 

 

Additional software 

Figures were prepared with ggpubr (73) and Inkscape (74).  
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4. EVOLUTIONARY TRAJECTORY FOR NUCLEAR FUNCTIONS OF CILIARY PROTEINS

4. EVOLUTIONARY TRAJECTORY FOR NUCLEAR FUNCTIONS OF CILIARY

PROTEINS

4.1. PREFACE

This part of the thesis is written in the style of a review with a concluding hypothesis. The topic of

the manuscript is the evolution of ciliary trafficking complex proteins in the light of early and pre-

eukaryotic evolution. Although it is widely accepted that LECA was a highly complex organism

(Koumandou et al., 2013) with extensively expanded families of RabGTPases (Klinger et al., 2016),

membrane coats (Dacks and Robinson, 2017), a nucleus with NPCs (Field and Rout, 2019), and at

least one cilium  (Carvalho-Santos et  al.,  2011), it is far  more contentious in which order these

organelles arose after the endosymbiotic event that marked the beginning of eukaryotic evolution.

In this work, we review the latest findings regarding a subset of organelles that likely arose through

paralogous expansion of an ancient membrane coating complex: the protocoatomer. This complex

nucleated  many  extant  membrane  coats,  namely  the  type  I  and  type  II  families,  and  the

IFT/BBSome complexes. The NPC is an amalgamation of different type I and type II coats and

therefore shares an evolutionary relationship with IFT/BBSome proteins. Their shared history may

have implications for the observed nuclear phenotypes of otherwise ciliary proteins from the IFT

and BBSome complexes: In the transition between FECA and LECA where individual organelles

were  not  yet  established,  there  was  ample  room  for  co-evolution  of  primordial  NPCs  and

IFT/BBSome complexes that may have led to the incorporation of ‘ciliary’ proteins into the nucleus.

With increasing complexity of regulatory networks, some IFT/BBSome proteins might have lost the

ability to enter the nucleus due to the presence of proteins that could transduce signals into the

nucleus. Some may have retained their initial nuclear functions and were therefore selected for such

purposes. A highly interesting case is the apicomplexan parasite  Toxoplasma gondii that lost the

canonical pathway of cilia assembly. It is missing most of the BBSome but BBS5 as the single

remaining  BBS protein  of  that  complex  (Ewerling  et  al.,  2023b),  and  RNAseq  data  confirms

expression during a non-ciliated stage during its  life  cycle  (Ramakrishnan et al.,  2019).  In this

review,  we give  an  explanation  for  how this  could  be  common for  other  ciliary  proteins.  We

conclude  with  an  exciting  perspective  where  cilia  and  nucleus  co-evolved,  and  where  ciliary

proteins had dual functions as nuclear interactors. 

The manuscript was written by Alexander Ewerling with discussion and editing contributions by

Helen May-Simera. The manuscript has yet to be submitted for peer review.
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Abstract

Cilia and the nucleus were two defining features of the last eukaryotic common ancestor. In early

eukaryotic  evolution,  these structures  evolved through diversification of  a  common membrane-

coating ancestor, the protocoatomer. While in cilia, the descendants of this protein complex evolved

into  parts  of  the  intraflagellar  transport  complexes  IFT  and  BBSome,  the  nucleus  gained  its

selectivity by recruiting protocoatomer-like proteins to the nuclear envelope to form the selective

nuclear pore complexes. Recent studies show a growing number of proteins shared between the

proteomes of  the respective organelles,  and it  is  currently unknown how ciliary proteins could

acquire nuclear functions, and vice versa. Nuclear functions of ciliary proteins are still observable

today and remain relevant for the understanding of disease mechanisms behind ciliopathies. In this

work, we review the evolutionary history of cilia and nucleus and their respective defining proteins,

and  integrate  current  knowledge  into  theories  for  early  eukaryotic  evolution.  We  postulate  a

scenario where both compartments co-evolved and that fits current models of eukaryotic evolution,

explaining how ciliary proteins and nucleoporins acquired their dual functions.

Introduction

The last  eukaryotic common ancestor (LECA) was a remarkably complex organism as inferred

from phylogenetic reconstruction. The consensus is that it was a flagellated (Carvalho-Santos et al.,

2011; Lindemann, 2022), sexually dividing cell (Villeneuve and Hillers, 2001; Loidl, 2016) unable

to phagocytose  (Bremer  et al.,  2022), with mitochondria  (Bremer  et al.,  2022), an endoplasmic

reticulum (ER) (Kontou et al., 2022) and the namesake of this kingdom of life, a nucleus (Mans et

al., 2004; Bapteste et al., 2005; Neumann et al., 2010). It is still hotly debated in which order the

previously mentioned organelles arose, and if they (especially the nucleus) came to be autogenously

(Cavalier-Smith, 1987; Jékely, 2003) or via a symbiotic relationship between the Asgardarchaeal

eukaryotic ancestor and an engulfed  α-proteobacterium  (Gould  et al., 2016) or a myxobacterium

and euryarchaeote (López-García and Moreira, 2006). However LECA has become more and more

tangible through better modelling and phylogenetic inference in recent years.

To accommodate  this  plethora  of  membrane-bounded  organelles  and  ensure  their  function,  the

means to facilitate directional and unambiguous transport must have already been established. The



paralogous  expansion  of  ancestral  coat  protein  families  likely  shaped  the  organellar  identity

(organellar paralogy model  (Dacks and Field, 2007)) (Cavalier-Smith, 2002; Dacks and Doolittle,

2002; Jékely, 2003; Araç et al., 2005; Yoshizawa et al., 2006; Sanderfoot, 2007), thereby giving rise

to the complexity we observe in many lineages today. This provided a platform for lineage-specific

expansion or reduction of the trafficking scaffold (e.g. rhoptry-specific RONs in Toxoplasma gondii

(Alexander et al., 2005), or caveolin and flotillin in metazoa for clathrin-independent endocytosis

(Field et al., 2007)).

One of the defining features of LECA was the cilium (Koumandou  et al., 2013). The eukaryotic

cilium is a highly specialised signalling ‘organelle’ rich in receptors and able to move and facilitate

locomotion (Mitchell, 2007) (Fig. 1). The term ‘organelle’ has been used unanimously in the field

but is misleading in that cilia are not compartmentalised through a continuos membrane, but rather

extend from the plasma membrane into the extracellular space and are shielded by a specialised

compartment at the base that allows sorting and regulated entry and exit of ciliary molecules (Hu et

al.,  2010).  While  in  extant  eukaryotes  we see many different  forms of  cilia,  be they immotile

primary cilia specific to Metaozoa or the abundance of motile cilia (more often called flagella) in

almost all eukaryotes, they all likely trace back to the cilium found in LECA. The LECA cilium

likely fulfilled the same functions as cilia we see today and utilised the same molecular machinery

for assembly, disassembly and maintenance as extant eukaryotes, namely the intraflagellar transport

system, short IFT. The IFT machinery consists of three distinct complexes (IFT-A, IFT-B and the

BBSome), all of which trace back to a common ancestral complex  (van Dam  et al., 2013). This

‘proto-IFT’ is itself derived from a hypothetical protocoatomer complex that gave rise to paralogous

membrane  coating  families  that  shaped  the  organelles  found  in  modern  eukaryotes.  Although

lineage-specific  adaptations  occurred  during  evolution  of  the  complexes  involved  in  IFT (e.g.

cytosolic assembly and disassembly of cilia in  Batrachochytrium dendrobatidis and  Plasmodium

falciparum (Killick-Kendrick and Peters, 1978; Venard et al., 2020) which lack the BBSome), these

complexes  are  among the  most  conserved proteins  derived from the  protocoatomer.  While  the

complexes are mostly known for their involvement in cilia function and dysfunction, studies show

that single proteins, but not the entire complexes, play a role in different processes such as cell

cycle progression and cytokinesis (Kim et al., 2005; Robert et al., 2007; Delaval et al., 2011; Vitre

et al.,  2020),  establishment of the immune synapse  (Finetti  et al.,  2009; Cassioli  et al.,  2021),

transcription factor translocation  (Scott  et al., 2017; Horwitz and Birk, 2021), and DNA damage

signalling (den Dulk et al., 2008; Chaki et al., 2012; Choi et al., 2013), with the latter two drawing

a direct connection between cilia and nucleus (also reviewed in (McClure-Begley and Klymkowsky,

2017)). It has indeed been shown that several IFT and BBSome proteins can localise to the nucleus

(Gascue et al., 2012; Scott et al., 2017; Shi et al., 2018; Ewerling et al., 2023), and that they fulfil



potential roles in gene regulation (Gascue et al., 2012; Scott et al., 2017), although the reason as to

why they do this and how common this is among eukaryotic clades remains unclear. 

In this review, we aim to provide an insight in the proteomic makeup of LECA from a membrane

coat point of view, how the membrane-bounded organelles arose, and how they had opportunity to

interact during eukaryotic evolution. Ultimately, we establish a possible evolutionary trajectory for

how ciliary proteins acquired nuclear functions, and if currently observed nuclear functions could

be ancestrally conserved from LECA.

Proteomic makeup of LECA endomembrane sorting systems

The ability to deform membranes is not exclusive to eukaryotes and can be observed in multiple

cases of prokaryotic life. Bending membranes is essential for cell division regardless of kingdom.

Some prokaryotes even form intricate membrane invaginations that need to be stabilised by proteins

to maintain their structure. In fact, bacterial organisms with stacked membrane invaginations were

first considered as ancestors of eukaryotes, as these structures resemble endomembrane organelles

(Neumann et al., 2014) and, in some cases, even engulf parts of the genetic information (Fuerst and

Sagulenko, 2011). These are however analogous structures that arose independently in prokaryotes,

and do not  represent  ancestors  of  eukaryotic  endomembrane systems  (McInerney  et  al.,  2011).

Although  it  remains  a  matter  of  debate  which  organelles  arose  first  and  by  what  means,

phylogenetic reconstruction of LECA paints the picture of a surprisingly complex cell equipped

with the hallmark organelles of extant eukaryotes, and whose proteomic diversity is potentially on

par with modern eukaryotes  (Koumandou  et al.,  2013). To face the challenges that come from

hosting multiple organelles, LECA had an established set of distinct trafficking pathways to and

from  organelles  and  the  plasma  membrane  that  provided  specialised  cargo  delivery  and

directionality  of  transport  (Fig.  2).  Since  there  are  already  excellent  studies  and  reviews

encompassing the plethora of complexes that were likely established in LECA together with their

regulatory protein families and tethering complexes  (Field  et al., 2007; Dacks and Field, 2007;

DeGrasse  et al., 2009; Elias  et al., 2012; Rout and Field, 2017; Field and Rout, 2019), we focus

here on the evolution of the ones most closely related to the eukaryotic cilium: the type I, type II,

nucleoporin, and IFT family of membrane coats.

Protocoatomer-derived vesicle coats

Membrane coats differentiate vesicles and proteins depending on their origin and destination and

were an essential tool to sort the highly complex endomembrane machinery in LECA. By the time

different eukaryotic lineages expanded, LECA most likely had a complex system of endomembrane

organelles and subcellular compartments established that warranted sorting of cargo  (Field  et al.,



2007; Dacks and Field, 2007; Koumandou  et al., 2007, 2013; Elias  et al., 2012). Three families

stand  out  by  their  connection  through  an  ancestral  protein  complex:  type  I,  type  II,  and

IFT/BBSome coating proteins. They all trace back to a so-called ‘proto-coatomer’ protein complex

that was likely established before LECA (Devos et al., 2006; O’Reilly et al., 2011; Sampathkumar

et al.,  2013; van Dam  et al.,  2013; Stuwe  et al.,  2014). Although they diverge substantially in

sequence,  their  α-solenoid/β-propeller  structure  is  highly  conserved  and  hints  at  their  shared

evolutionary  history.  This  group  of  protocoatomer-derived  proteins  comprises  of  several

subfamilies: the type I and type II coats, the nucleoporins (Nups) building the nuclear pore complex

(NPC), and the ciliary trafficking proteins of IFT and the BBSome, all of which shape the identity

of their respective compartments/organelles.

The type I family of coats consists of coatomer protein I (COPI), five adaptins (AP-1 – 5), and

clathrin. COPI coats vesicles in retrograde Golgi-to-ER and intra-Golgi transport (Duden, 2003; Lee

et al., 2004; Beck  et al., 2009; Spang, 2009), with additional roles in endosomal transport, lipid

homeostasis, mRNA transport, and NE breakdown (Guo et al., 1994; Aniento et al., 1996; Gu et al.,

1997; Daro et al., 1997; Liu et al., 2003; Trautwein et al., 2004; Prunuske et al., 2006; Gabriely et

al., 2007; Bi et al., 2007; Beller et al., 2008; Razi et al., 2009; Soni et al., 2009; Todd et al., 2013;

Thiam  et  al.,  2013;  Wilfling  et  al.,  2014;  Zabezhinsky  et  al.,  2016).  Given their  versatility  in

different  trafficking pathways,  it  is  likely  they  were  present  early  in  eukaryotic  evolution  and

adapted to  multiple  functions.  AP-1 and AP-2 in  concert  with clathrin build  vesicle  coats  that

destine  their  cargo  from  the  plasma  membrane  or  the  trans-Golgi  network  to  early/recycling

endosomes.  The  remaining  AP-3  –  5  are  involved  in  sorting  of  vesicles  for  the  late

endosome/lysosome, or have currently undefined functions (Edeling et al., 2006; Paczkowski et al.,

2015). Clathrin coats vesicles budding from the plasma membrane, and vesicles destined to the

trans-Golgi network and endosomes (Vigers et al., 1986).

Type  II  family  coats  are  COPII  and  HOPS  (homotypic  fusion  and  vacuole  protein

sorting)/CORVET (class C core vacuole-endosome tethering) proteins  (Koumandou  et al., 2007).

COPII proteins facilitate the anterograde transport of vesicles from the ER towards Golgi, while the

HOPS/CORVET coats are also involved in early to late endosomal sorting, and late endosome to

lysosome/vacuole transport.

The Nups that build the NPC share structural features of and are related to both type I and type II

coats  (Devos  et al.,  2004; Brohawn  et al.,  2008), making the NPC a chimera and likely a late

addition to the organellar landscape of the developing eukaryote. They form distinct complexes of

eightfold symmetry in the nuclear envelope that allow selective diffusion of proteins and molecules

through the NPC. Through duplication, Nups diversified before LECA, which led to formation of



subcomplexes within the NPC: the cytosolic face with filaments attached to a ring, which itself is

connected  and  anchored  via  inner  rings  and  membrane  rings  to  the  nucleosolic  complex  with

nuclear rings and the nuclear basket (Makarov et al., 2021). 

The last group of protocoatomer-derived membrane coats present in LECA does not actually coat a

membrane. The IFT/BBSome complexes share a common ancestor that is related to COPIε  (van

Dam et al., 2013) and form multiprotein complexes that are needed for ciliary trafficking. They link

motor proteins to their cargo and aid in the entry and exit of ciliary cargo. In contrast to other

protocoatomer family proteins, IFT/BBSome proteins share considerable sequence identity across

different eukaryotes, which reflects their highly specialised function in ciliary trafficking. Recent

studies could show that they not only localise to the cilium or the ciliary base, but also to the

nucleus of some species (Gascue et al., 2012; Scott et al., 2017; Shi et al., 2018; Horwitz and Birk,

2021;  Ewerling  et  al.,  2023).  Nuclear  functions  could be shown for  some of the IFT/BBSome

proteins, but not all. This raises the question of how it could be that ciliary proteins are able to enter

the nucleus, and whether this phenomenon can be traced back to the evolutionary history of nucleus

and cilia. For this, we will highlight the possible order of emergence for each of the two organelles

and  infer  potential  co-evolution  scenarios  that  could  explain  the  duality  of  ciliary  proteins

functioning in the nucleus of eukaryotic cells.

Cilia

Cilia and flagella are an eukaryotic invention that was present in LECA (Koumandou et al., 2013).

Across  the  eukaryotic  Tree of  Life,  cilia  can be  found in all  major  lineages  but  with frequent

secondary losses (Pazour, 2004; Hodges et al., 2010; Carvalho-Santos et al., 2011). The purpose of

cilia  is  largely homologous,  serving both sensory and locomotive functions  (Satir  et  al.,  2008;

Bloodgood, 2010). Cilia are anchored to the cell via the basal body, a barrel-like structure made

from nine symmetrically arranged microtubule (MT) triplets that serves as a nucleation point for the

ciliary axoneme (Fig. 1). The basal body itself is highly conserved as is evident from phylogenetic

reconstruction of its components (Hodges et al., 2010). The axoneme that is the centre scaffold of

the extending cilium is itself a structure made of MT doublets with an additional central pair in the

case of motile cilia. As the structure and function of cilia and the basal body are conserved, so are

the proteomes, with crucial components essentially identical in most ciliated species (Wickstead and

Gull, 2007; Hodges et al., 2011). The A- and B-tubules of each axonemal doublet are the ‘highway’

for all ciliary trafficking that is needed to assemble, disassemble, and maintain the cilium in its

architectural and functional integrity. On these tracks (specifically the B-tubule), highly conserved,

specialised intraflagellar transport (IFT) complexes IFT-A, IFT-B, and the BBSome, are moved by

kinesin-2  family  (anterograde)  or  dynein  1b/cytoplasmic  dynein  2  family  (retrograde)  motor



proteins  that  connect  to  ciliary  cargo proteins  (e.g.  transmembrane receptors)  via  the  BBSome

functioning as an adaptor complex (reviewed in Taschner and Lorentzen, 2016; Prevo et al., 2017).

This highly conserved machinery is likely derived from a diversification of the ‘protocoatomer’

during the shaping of the organellar landscape in the transition from first to last eukaryotic common

ancestor  (van Dam et al., 2013). How did the building blocks for cilia arise before LECA? Their

high degree of conservation calls for an early adoption of the flagellar machinery that is directly

linked to the possible nuclear functions of ciliary proteins that can be appreciated today.

Origin of eukaryotic cilia

As for other eukaryotic organelles, there are a number of theories about how cilia came to be. Three

major schools of thought have emerged since the 1960s, but only two of them persist to this day.

One of the first hypotheses was formulated by Lynn Margulis (later Sagan), alongside her theory of

sequential endosymbiosis that tried to explain the origin of other organelles like mitochondria. She

hypothesised  that  the  cilium is  (like  the  mitochondrion)  the  result  of  an  endosymbiotic  event

between an archaebacterium and, in this case, a bacterial spirochaete (Sagan, 1967). The theory is

however poorly supported by phylogenetic relations of eukaryotic ciliary proteins and spirochaete

bacterial proteins, and was therefore abandoned. Another theory postulated a viral origin, where the

virus contained information about precursors of tubulin, and where the capsid served as a template

for the basal body/ciliary axoneme (Satir et al., 2007). In this scenario, the cell would have supplied

the motors and IFT precursors to the budding virus (its capsid serving as basal body), resulting in an

elongating axoneme. However, there is also little supporting data for this theory. A third hypothesis

was first introduced in 1974 and describes an autogenous origin of both cilia and basal body from a

primitive  microtubule  organising  centre  (MTOC)  (Pickett-Heaps,  1974).  This  hypothesis  is

favoured by many researchers as it does not necessitate a fortuitous union of two prokaryotic cells

where one of them would lose its outer membrane and complete genetic fingerprint (as would be the

case in Sagan’s theory) and also allows a gradual evolution of the cytoskeletal and MT network

from prokaryotic precursors rather than a sudden genetic addition of a viral entity.

If we assume the theory of an autogenous origin for cilia and basal bodies to be true,  there is a

scenario where the primitive microtubular network co-evolved with ancestors of ciliary trafficking

proteins and motor proteins. Initially, the IFT precursors and motors could have facilitated directed

transport of receptors and vesicles to and from the plasma membrane (as was already hypothesised

by  Jékely and Arendt, 2006) and by paralogous expansion, begin to focus on one specific route,

potentially with specific cargo affinity for receptors and receptor-based signalling components. The

membrane at the destination would then be enriched in signalling molecules, providing significant

advantage for sensory perception over random receptor distribution over the whole cell surface, up



to the point where receptors would inhibit each other sterically at the membrane patch subdomain

(Berg and Purcell,  1977). Consequentially, once this membrane patch is oversaturated, selective

pressure would favour a cell surface architecture that further allows enhancement of signal capture.

Cilia provide this advantage: Mathematical modelling of ciliary ligand capture rates concludes that

an immotile cilium has the same capture rate constant as a membrane patch 3.8 times the ciliary

surface area (Hickey et al., 2021). In shear flow, the cilia even enhance the capture rate sixfold. This

theory provides a plausible evolutionary scenario for the arisal of a directed transport facilitated by

emerging families of trafficking proteins and molecular motors. It could also help explain how the

cilium  improved  the  survival  chances  of  early  eukaryote  ancestors,  where  even  incremental

elongations of the ciliary axoneme would provide an advantage compared to non-ciliated cells.

Given that there are many advantages for ciliated organisms from a biophysical point of view, it is

necessary to trace back the components that make cilia possible to their evolutionary origins to

substantiate the basis of the theory. Here, we concentrate on the main scaffolding protein of cilia,

tubulin,  and  the  IFT complexes  IFT-A,  IFT-B,  and  the  BBSome,  the  latter  three  still  without

confident  placement  in  their  evolutionary  context.  However,  recent  advances  in  phylogenetic

reconstructions of the complexes allows for a more refined view on the evolution of cilia.

Evolution of tubulin and MT-dependent trafficking

There is indeed evidence of a distant relative to tubulin in prokaryotes. The prokaryotic FtsZ gene

codes for a protein needed for chromosome segregation (Löwe and Amos, 2009) that is still needed

for plastid division in plants and algae (Kuroiwa et al., 1998; Pyke, 1999). Its loose phylogenetic

similarity led to it being hypothesised as ancestor of eukaryotic tubulin (Faguy and Doolittle, 1998).

Physiologically, the structure of the protein and its dynamics are conserved: polymerisation of both

FtsZ and tubulin results in longitudinal extension of  fibres, with a dynamically assembling and

disassembling. However, a crucial difference between the two is the ability to interact with other

proteins: prokaryotic FtsZ does not show any interaction with accessory factors as does eukaryotic

tubulin  (Michie and Löwe, 2006). In eukaryotes, tubulin is subjected to many post-translational

modifications and interacts  with a plethora of  other  cytosolic proteins and cofactors  (Erickson,

2007). With regards to cilia, one group of these clearly stands out: molecular motor proteins, such

as kinesin and dynein that are needed for transport along the MT network within the cell, but also

along the axoneme of cilia and flagella. Both motor protein families are essential for ciliary function

and integrity as they associate with the IFT particles to facilitate cargo delivery to, from, and within

the cilium. From studies on the evolutionary relationships of different dynein subclasses, the above

theory of a polarised membrane patch prior to the establishment of the cilium is plausible as IFT-

related  dyneins  were  the  first  family  to  diverge  from  cytoplasmic  dyneins  and  therefore



theoretically able to transport IFT precursors before the ciliary dyneins had evolved (Hartman and

Smith, 2009). Cilia-specific dyneins further provide the means for motile cilia. We can infer from

phylogenetic reconstructions of different subclasses of dyneins that LECA had multiple paralogous

dynein  subclasses,  meaning that  they  were  already expanding pre-LECA  (Wickstead  and Gull,

2007). 

The establishment of a sophisticated ciliary transport system however not only requires motors and

tracks but also a means to attach cargoes onto the motors. Eukaryotic cells implement different IFT

complexes to facilitate ciliary cargo delivery to their destination. The evolutionary history of IFT

complexes  IFT-A,  IFT-B  and  the  BBSome  does  not  only  shed  light  on  the  FECA-to-LECA

transition, but also how parts of these subcomplexes may have acquired additional functions in an

increasingly complex pre-eukaryotic cell. 

Evolution of IFT

Intraflagellar  transport  is  the  process  of  cargo delivery  from the  base  of  the  cilium through a

selective  barrier  along  the  axoneme  to  the  tip,  and  back  down  and  out  of  the  cilium  again.

Eukaryotic cells established three main complexes to facilitate this movement: IFT-A, IFT-B and

the BBSome  (Rosenbaum and Witman, 2002; Taschner and Lorentzen, 2016; Prevo  et al., 2017;

Nakayama and Katoh, 2018). IFT-A and IFT-B directly interact with kinesin-2 family (anterograde)

and cytoplasmic dynein 2 family (retrograde) proteins for locomotion of pre-assembled IFT trains.

These trains are assembled at the ciliary base and loaded with various cargo proteins, such as G-

protein coupled receptors  (Qin  et al., 2005; Huang  et al., 2007; Williams  et al., 2014),  motility-

related outer dynein arm proteins (Piperno et al., 1996; Qin et al., 2004; Ishikawa et al., 2014), ɑβ-

tubulin heterodimers (Hao et al., 2011; Craft et al., 2015) and the BBSome (Lechtreck et al., 2009).

The BBSome itself is an adaptor for membrane-anchored receptors that need to be transported into

the cilium (Lechtreck et al., 2013), but is also required for regulated export of retrograde cargo from

the ciliary space (Liew et al., 2014). 

Despite their distinct functions in cilia and flagella, all three complexes most likely share a common

ancestor that was present in LECA, the so-called ‘protocoatomer’ (van Dam et al., 2013). Following

the consensus, this protocoatomer was the ancestor of all eukaryotic membrane-coating proteins

that facilitate inter-organellar vesicle trafficking, including endoplasmic reticulum, Golgi complex,

endosomes, and the plasma membrane.  The IFT complexes are also structurally related, however

confidently placing the root between type I coats, type II coats, and the IFT/BBSome remains a

challenge to this  day.  Unlike proteins from the other two families, IFT/BBSome proteins share

astonishing  sequence  homology  across  vastly  different  eukaryotes  together  with  the  structural

conservation that allow them to be confidently traced back to LECA. The high degree of sequence



conservation indicates however that the proteins were more functionally restricted and had less

opportunity to diversify and expand as other coating complexes that  retained structure,  but  not

sequence, throughout their evolution. 

For the complexes themselves, the most likely scenario of emergence was postulated some years

ago (van Dam et al., 2013). Here,  the protocoatomer was the ancestral complex that gave rise to an

IFT precursor related to COP I ε. The first subcomplex would have been IFT-B, parts of which

expanded paralogously and gave rise to BBSome components BBS4 and BBS8. The latest addition

in this model would be IFT-A. Interestingly, parts of each complex bear resemblance to different

COP I subunits. Protein domains found in COP I α and β’ can be found in IFT-A (IFT122, IFT140,

WDR19, WDR35) and IFT-B (IFT80, IFT172), domains aligning with parts of COP I ε in IFT-A

(TTC21), IFT-B (IFT88, TTC26, TTC30) and the BBSome (BBS4, BBS8) (van Dam et al., 2013).

This mingling of different COP I family protein domains could be a hint of a parallel expansion of

both COP I and IFT/BBSome proteins, where duplications in COP I subunits could have led to their

inclusion into the developing IFT complexes. It is noteworthy that like the BBSome, the COP I

protein family is crucial for the transport of transmembrane proteins (such as receptors) However,

for the COP I proteins to diversify, one would have to infer that there were proteins present before

LECA that were not protocoatomer subunits, but already diversified COP I proteins (Fig. 3). If the

COP I family had already been established, and we assume that the organellar paralogy model

works,  that  means that  the  cilium would have been in  development  during  the  shaping of  the

organellar landscape of the increasingly complex pre-LECA cell. It is therefore likely that some

form of directed transport along the MT network already took place while cilia were acquiring their

distinctive  trafficking  complexes,  fitting  the  previous  hypothesis  that  the  cilium  began  as  a

specialised membrane patch that would have benefited from an own, distinct coating for cargo.

While the exact order of emergence of ciliary trafficking complexes remains disputable, it is likely

that  the  cilium was  not  the  last  feature  to  be  established  in  LECA.  In  the  previously  stated

hypothesis, the cilium emerged sometime after the acquisition of the mitochondrion (so that lipid

bilayers could gradually replace archaeal terpenes as cellular boundaries) as it is established by

complexes derived from membrane-coating protocoatomer-related proteins. The ciliary trafficking

complexes share common architectural hallmarks with COP I proteins. COP I facilitates trafficking

of vesicles within the Golgi apparatus (GA) and the retrograde transport of vesicles from GA to ER

(Serafini  et al., 1991). In a less diversified coating system with less specific components to sort

cargo meticulously and which might have been present in a pre-LECA cell, we can only infer that a

directionality for cargo transport was already established by the time ciliary trafficking complexes

emerged from the theory stated above. However, this vesicular transport must have originated from



a sort of proto-ER that allowed the integration of transmembrane proteins into vesicles that were

then coated and sent to the plasma membrane. This raises an important question for the non-ciliary

roles of the emerging ciliary trafficking proteins: Were non-ciliary functions ancestral or did ciliary

proteins ‘slip’ into new functions by parallel inventions of diversifying eukaryotes and radiating

gene families that established organellar identity? Our theory of simultaneous evolution of cilium

and nucleus only depends on directed transport as a prerequisite for early ciliary evolution. The

cilium could possibly even start  to arise before the establishment of the nuclear membrane.  To

further  investigate  how  ciliary  proteins  acquired  nuclear  functions,  we  need  to  dissect  the

architecture  and  evolutionary  history  of  the  nucleus,  nuclear  pore  complexes,  and

nucleocytoplasmic transport adapters.

Eukaryotic nucleus

The nucleus is the namesake of the domain Eukarya (from Greek εὖ “well, good”, and κάρυον “nut,

kernel”) and the container of genetic information in an eukaryotic cell. The nucleus is a membrane-

bounded  organelle  adjacent  to  the  ER  and  its  membrane  is,  in  fact,  continuos  with  the  ER’s

membrane. It sequesters DNA from the cytoplasm, thereby restricting access of soluble molecules

and allowing precise spatiotemporal regulation of gene activation and repression, and transcription

and translation. Its invention separates the prokaryotes (bacteria and archaea) from eukaryotes and

is considered one of the major transitions in life (Szathmáry and Smith, 1995; Smith and Szathmáry,

1997). The nucleoplasm is accessible via highly selective nuclear pore complexes (NPCs), multi-

protein channels in the MDa range with an eigthfold symmetry that regulate import and export of

mRNAs and proteins. Phylogenetic reconstruction is not simple as sequence similarity between

species is generally low, but comparative genomics revealed that LECA most likely had a fully

functional NPC (Neumann et al., 2010). 

Architecture and evolution of nuclear pore complexes 

Despite  its  omnipresence  in  eukaryotes,  the  proteomic  makeup  and  overall  architecture  of  the

nucleus and specifically of the NPCs is subjected to quite some variability (Bapteste et al., 2005).

Throughout the eukaryotic Tree of Life, it has undergone considerable lineage-specific adaptations

(Fernandez-Martinez  and  Rout,  2021) that  reflect  the  adaptability  of  the  system  to  multiple

biological  niches.  NPC architecture  is  the  same  between  eukaryotes:  The  nucleoporins  (Nups)

forming the NPC build a core scaffold of eightfold-symmetrical linked outer and inner ring on the

cytosolic and nucleosolic face of the pore; the nucleoplasmic face is directly integrated into the

nuclear laminar.  The NPC extends into both directions,  on the cytosolic face with cytoplasmic

filaments and on the nuclear face with proteins forming the nuclear basket. The central channel is

decorated with phenylalanine-glycine (FG) repeat Nups that obstruct free diffusion by forming a



brush-like  structure.  While  this  structure  is  present  in  principle  in  all  eukaryotes,  the  Nups

themselves are only well conserved on a structural level (Rout et al., 2000; Cronshaw et al., 2002;

Alber et al., 2007; Iwamoto et al., 2010; Tamura et al., 2010; Ori et al., 2013; Asakawa et al., 2014;

Eibauer  et al., 2015; Fischer  et al., 2015; Obado  et al., 2016; Kosinski  et al., 2016; Kim  et al.,

2018; Mosalaganti et al., 2018). They are all composed of the same ɑ-solenoid/β-propeller structure

found in descendants of the hypothetical protocoatomer. It is highly likely that Nups were present in

LECA  (Neumann  et  al.,  2010) and  that  they  expanded  paralogously  before  the  radiation  of

eukaryotic lineages (Devos et al., 2004; Alber et al., 2007; Kosinski et al., 2016; Kim et al., 2018;

Beck et al., 2018). As they have little sequence conservation, evolutionary pressure was not on the

exact amino acid composition of the Nups, but more on their ability to form the same complex in

different ways. Nups are related to other membrane coating proteins from both COP I and COP II

families  (Kim et al., 2018), but also adaptin-like proteins  (Alber  et al., 2007; Knockenhauer and

Schwartz,  2016;  Kosinski  et  al.,  2016;  Hoelz  et  al.,  2016),  and  have  low  levels  of  sequence

conservation between lineages  (Mans  et al., 2004; Bapteste  et al., 2005; DeGrasse  et al., 2009).

This argues against a “nucleus-first” scenario in the evolution of eukaryotes, or at the least would

mean that the nucleus co-evolved with ER and GA, as COP I and COP II coats are needed for

transport between ER, GA and plasma membrane. Given that both families appear in the nucleus,

primitive forms of the other organelles could have been present at the time NPCs were evolving.

The evolutionary origin of Nups (and other protocoatomer-derived proteins for that matter) likely

lies in  prokaryotic,  archaeal  α-solenoid/β-propeller domain proteins  (Field and Rout,  2019).  As

previously discussed, the expansion of this protein family led to the diverse membrane coats that

shape organellar identity and assemble into some of the most intricate multiprotein complexes of

eukaryotic cells. Likewise, the association of early Nup precursor proteins with membranes could

likely lead to primitive repetitive structures resembling proto-NPCs in the (possibly incomplete)

NE.  Through duplications,  the  NPC gained considerable  diversity  in  composition  that  retained

interaction sites with other NPC subunits. 

Although the forming NE and NPC were initially likely to be ‘leaky’ in the sense that they did not

fully sequester DNA and its interacting proteins from the cytosol, there are obvious advantages of

an incomplete NE and NPC. Even purely physical obstacles like a non-selective membrane with

rather  large  fenestrations  would  slow  DNA-interacting  molecules’  diffusion,  limiting  gene

activation  and  repression  and  ultimately  shaping  signalling  cascades  and  cell  cycle  stages.

Permeability  of  these  structures  for  gene regulatory components  is  an  evolutionarily  selectable

feature, favouring more complex and functionally fine-tuned structures. Higher selectivity would

pressure the evolving cell into co-evolution of proteins that are desired in close proximity to DNA



for  gene  regulatory  (e.g.  methylation,  transcriptional  activators  or  repressors)  or  stability  (e.g.

damage repair, histones) purposes, and their unhindered entry into the restricted compartment. After

establishment of a full NE, the only point of entry for proteins into the nucleus would be the pores

formed by proto-NPCs that need not be the sophisticated, highly selective complexes that were

most likely present in LECA. Even non-selective pores formed by membrane-deforming proto-

Nups  would  convey  size  selection  simply  by  their  architecture:  Depending  on  the  size  of  the

molecule that wants to traverse the pore (where larger molecules diffuse more slowly than small

ones, (Grathwohl, 2012)) and the diameter of the pore itself, the probability of a molecule not only

encountering, but passing through a non-selective pore, becomes smaller as molecule size increases

and pore size decreases (Purcell, 1977; Berg, 1993; Rout et al., 2003; Zilman et al., 2007). Extant

NPCs do however implement further measures to ensure that no unwanted molecules enter the

nuclear space. The actual pore itself is decorated with phenylalanine-glycine (FG) moieties (Rout et

al.,  2000;  Alber  et  al.,  2007) that  stem  from  so-called  FG-Nups.  These  FG-Nups  are  highly

dynamic, intrinsically disordered proteins with large hydrodynamic radii and effectively decrease

the  size  of  the pore  further  (Denning  et  al.,  2003).  They prevent  random passage through the

nuclear pore by inter- and intramolecular electrostatic interactions  (Gehrke et al., 1997; Kawai  et

al., 2003) resulting in high entropy within the NPC. Establishing such an intricate structure as the

NPC to prevent free nuclear localisation however comes with the need to also import and export

proteins  and  molecules  at  the  right  times.  Part  of  this  regulation  is  conveyed  by  FG-Nups

themselves; the selective import and export of nuclear-bound molecules is however also enhanced

by adapter proteins, the karyopherins.

Karyopherins

Karyopherins (Kaps) are a large family of proteins found in nuclear import and export pathways of

eukaryotic  cells.  Phylogenetic  reconstruction  showed  that  LECA  probably  had  an  extensive

repertoire of Kaps (O’Reilly et al., 2011), consistent with the presence of a rather complex NPC and

therefore also a sophisticated nuclear import and export system (O’Reilly et al., 2011). They also

form mostly α-solenoid/β-propeller structures, with the dominant protein domains being HEAT and

ARM repeats  (Bayliss  et al., 2000, 2002; Stuwe  et al., 2014), and are related to Nups and other

membrane coats via their likely proto-coatomer origin.  Depending on the function they fulfil in

their respective pathways, they are also conveniently called importins and exportins. Both protein

families are cargo adapters for nuclear proteins. Through hydrophobic interactions of Kaps with the

FG residues within the NPCs, the Kap-cargo-complex is able to overcome the high entropy that

would normally impede free diffusion of the cargo proteins (Iovine et al., 1995). Although diffusion

in presence of FG repeats is possible, the presence of specialised import and export proteins that



compete for the same binding sites in NPCs effectively blocks unspecific passage through higher

affinity (Zilman et al., 2007; Jovanovic-Talisman et al., 2009; Zilman, 2009).

Passage through the NPC is not only dependent on the presence of Kaps. The pathways use the

RanGTP/RanGDP gradient  across  the  NE  to  further  guarantee  correct  direction  of  transport.

Importins  in  their  cargo-bound state  translocate  through the NPC  (Izaurralde  et  al.,  1997) and

release their cargo in the nucleus before binding nucleoplasmic RanGTP and being exported again.

In the cytoplasm, hydrolysis of RanGTP to RanGDP releases importin from the export complex to

be used in another cycle. For proteins to be exported from the nucleus, exportin associates with its

cargo and nuclear  RanGTP to  form the  export  complex,  only  to  be  released  in  the  cytoplasm

through hydrolysis of RanGTP to RanGDP. This gradient is crucial for nucleocytoplasmic transport

(Lui and Huang, 2009). 

Cargo is recognised by nuclear localisation or export signals (NLS and NES, respectively) within

their amino acid sequences and are bound by the respective importin or exportin. As Kaps have

been established before radiation of eukaryotic phyla, so must have been the sequences marking

proteins as nuclear cargo, i.e. NLS and NES. Canonical sequences seem to be functional across

different eukaryotic lineages, so they most likely also originated before LECA. To understand how

proteins can function in the nucleus, it is worth exploring how nuclear signal sequences came to be

in the first place.

Evolution of nuclear signal sequences NLS and NES

Nuclear localisation and export signals (NLS and NES) are amino acids sequences that  confer

nuclear import or export capability to a protein. There is a range of sequences and biophysical

properties that define classes of NLS and NES, and those sequence motifs are highly conserved

throughout  eukaryotes.  Classical  NLSs  are  either  monopartite  or  bipartite  targeting  signals

comprised of basic amino acids that associate with Kaps for nuclear import. Monopartite NLSs

contain mostly lysine and/or arginine residues and loosely follow the consensus motif K-(K/R)-X-

(K/R) first identified in the SV40 large T antigen (Kalderon et al., 1984a; b; Dang and Lee, 1988;

Boulikas, 1993). Bipartite NLSs are separated by a spacer of variable length, but otherwise share

the  same  biochemical  properties.  The  first  description  of  bipartite  NLSs  was  in  the  protein

nucleoplasmin,  with  their  consensus  sequence  being  (K/R)(K/R)X10–12(K/R)3/5 (Dingwall  and

Laskey, 1991; Robbins et al., 1991; Makkerh et al., 1996; Lange et al., 2007). Other motifs have

been identified since, such as the monopartite acidic M9 motif (also known as PY-NLS, containing

proline and tryptophan) from the mRNA-binding protein hnRNPA1  (Siomi and Dreyfuss, 1995;

Görlich et al., 1996; Weis et al., 1996; Pollard et al., 1996; Bonifaci et al., 1997). Although all are

either recognised directly by importin  β or sequentially by importin  α and then importin β, and



different  motifs  convey different  transport  rates  (Ray  et  al.,  2015),  all  motifs  are  sufficient  to

facilitate nuclear import. 

NESs function analogously to NLSs, but facilitate export from rather than import into the nucleus.

They are comprised of hydrophobic stretches of amino acids usually rich in leucines, following the

consensus  (L/I/V/F/M)-X2–3-(L/I/V/F/M)-X2–3-(L/I/V/F/M)-X-(L/I/V/F/M)  (Wen  et  al.,  1995;

Bogerd  et  al.,  1996;  Kim  et  al.,  1996;  Kosugi  et  al.,  2008).  Nuclear  export  is  facilitated  by

association of the Kap exportin-1 (Xpo1; also called chromosome region maintenance 1, CRM1)

(Adachi and Yanagida, 1989; Toda et al., 1992; Fornerod et al., 1997; Fukuda et al., 1997), and no

other major protein export pathways have been described to date.

The  high  degree  of  functional  conservation  of  NLS  and  NES  argues  for  an  ancient  origin.

Interestingly,  structural  evidence  for  a  prokaryotic  origin  comes  from  ribosome  analyses.

Prokaryotic ribosomal proteins contain water and magnesium ions that give the ribosome structural

integrity. In human ribosomes, water and magnesium are replaced by moieties that maintain the

same contacts to rRNA and functionally also serve as NLS (Melnikov et al., 2015). As ribosomal

proteins comprise about half of the most conserved proteins throughout all domains of life (Koonin,

2003),  future  proteomic analyses  into deeply branching eukaryotes,  archaea  and bacteria  could

uncover more similarities and strengthen this theory. Recent work could point to a similar direction

for the origin of NLS: NLS-like amino acid sequences can also be identified in the DNA-binding

regions of prokaryotic proteins  (Lisitsyna  et al., 2020). And indeed, in extant eukaryotes, NLSs

often co-localise with DNA- or RNA-binding motifs  (LaCasse and Lefebvre, 1995; Cokol  et al.,

2000; Lisitsyna  et al., 2020). It would make sense that the first proteins to contain NLSs in the

prokaryote-to-eukaryote transition would be the proteins already associated with DNA, as  their

DNA-associated  functions  most  likely  would  also  be  needed  in  the  evolving  pre-LECA cell.

Purifying selection could then have sorted out obsolete proteins. This would sufficiently explain

how a primitive nuclear proteome could arise in the first place.

Ciliary proteins in the nucleus

How can the evolutionary insights into organelle acquisition and formation help us formulate a

hypothesis for nuclear functions of ciliary proteins? There are clear links between the two cellular

compartments: Both have likely been present since LECA (Jékely, 2003; Jékely and Arendt, 2006;

Hodges et al., 2010; van Dam et al., 2013; Field et al., 2014; Devos et al., 2014; Rout and Field,

2017) and were major factors in what discerns eukaryotes from prokaryotes (Szathmáry and Smith,

1995; Smith and Szathmáry, 1997). The proteins that shape and maintain the respective structures

have a shared common ancestor, the hypothetical proto-coatomer (Devos et al., 2006; O’Reilly et



al.,  2011;  Sampathkumar  et al.,  2013; van Dam  et al.,  2013; Stuwe  et al.,  2014).  Response to

extracellular clues often happens through the cilium that serves as a specialised region for receptors

and signalling  molecules,  effectors  of  which often  regulate  gene expression  on different  levels

(Nozawa et al., 2013; Satir and Satir, 2019). Proteins from both compartments can be found in the

other, e.g. Nups participating in a selective diffusion barrier at the ciliary base  (Kee et al., 2012;

Kee and Verhey, 2013; Marquez et al., 2021), and ciliary kinesins that shuttle between cilia and the

nucleus (Morris et al., 2004; Huang et al., 2021). The ciliary kinesin KIF7 even mimicks a DNA

double strand through homodimerisation to bind GLI transcription factors to the ciliary axoneme

and sequestering it from the soluble phase of cilia (Haque et al., 2022). Recent studies showed that

proteins of the BBSome, a highly conserved ciliary trafficking complex, can not only localise to the

nucleus of mammalian cells (Ewerling et al., 2023) but play active roles in gene regulation (Gascue

et al., 2012; Scott  et al., 2017; Horwitz and Birk, 2021) and cell homeostasis  (Marchese  et al.,

2022). Other parts of IFT complexes have been found in the nucleus of the ciliate  Paramecium

tetraurelia (Shi  et al.,  2018), although no clear functions could be deducted so far.  The ciliary

KAP3 (kinesin associated protein 3), a highly conserved ciliary protein, uses its ARM repeats for

both ciliary and nuclear localisation, and a RanGTP gradient controls its translocation from the

cytosol to either nucleus or cilia of Chlamydomonas reinhardtii (Huang et al., 2021). 

Shedding  light  onto  the  evolution  of  organelles  also  moonlights  potential  intersections  and

platforms  that  are  needed  for  co-evolution  of  protein  subsets  of  each  organelle.  Their  shared

evolutionary history allows to infer potential trajectories for co-evolution. Our hypothesis supports

a ‘late nucleus’ model were the NE is only formed after or concomitantly with the split between

ciliary and cytosolic coating complexes, and where the NE/NPC co-evolved with the cilium. We

need only infer minimal prerequisites (polarised trafficking, established microtubule network) for

this theory, so the proto-cilium (or even just a polarised membrane patch) could arise quite early

during the FECA-to-LECA transition, possibly even before the nucleus. Several points speak for a

co-evolution of nucleus and cilia and, by extension, for potentially ancestral nuclear roles of ciliary

proteins. As mentioned above, many extant proteins have functions in both compartments. But the

similarities do not end there. Both the nucleus and the cilium use RanGTP/RanGDP gradients and

importins to facilitate translocation from the cytosol to the respective compartment, the latter albeit

to a lesser extent and only for specific proteins  (Dishinger  et al., 2010). In fact, a “ciliary pore

complex” (CPC) was proposed some time ago that acts akin to a NPC and even might recognise

‘ciliary localisation sequences’ (CLS) similar to NLS (Kee et al., 2012; Kee and Verhey, 2013). This

CPC is structurally distinct from the NPC as it is not constituted of all canonical NPC functional

subunits and is not anchored to the membrane via transmembrane Nups  (Kee  et al.,  2012), but

might convey import selectivity and anchoring via association with other ciliary gating complexes



such  as  the  NPHP/MKS  complex  (Garcia-Gonzalo  and  Reiter,  2012;  Takao  et  al.,  2017).

Nucleoporins have been identified at the ciliary base, orchestrating ciliary import in a manner akin

to their  role at  nuclear pores.  Nup98  (Endicott  and Brueckner, 2018), Nup205  (Marquez  et al.,

2021), Nup62 (Kee et al., 2012), Nup93, Nup98, and Nup188 (Endicott et al., 2015; del Viso et al.,

2016),  as  well  as  Nup85  (Endicott  and  Brueckner,  2018),  are  all  situated  at  the  base  of  cilia

facilitating  ciliary  cargo  sorting  and  playing  pivotal  roles  in  determining  the  left-right  axis  in

mammals (Endicott et al., 2015; Blasius et al., 2019; Heinß et al., 2020). While the NPC is tethered

to  the  nuclear  envelope  through  interactions  between  membrane  ring  Nups  and  other  NPC

constituents, cilia present just one surface with a lipid bilayer that could potentially serve as an

anchor for the CPC. Nevertheless, the NPHP module responsible for cargo sorting occupies the

membrane-facing ciliary space within the transition zone (Sang et al., 2011; Wang et al., 2022) and

has demonstrated interactions with Nups (Blasius et al., 2019). Whether Nups are also affixed to the

axonemal microtubules, forming a complete NPC/CPC, or if they line the inner perimeter of the

cilium  in  a  "brush  border"  arrangement,  remains  currently  undisclosed,  necessitating  further

comprehensive interactomic investigations to fully elucidate the spatial arrangement of Nups at the

ciliary base. 

Concluding remarks

Taken  together,  the  evolution  of  single  organelles  and  their  proteomes  allows  us  to  form  a

hypothesis how nuclear functions of ciliary trafficking proteins came to be: If cilia were born from a

polarised membrane patch with signalling receptors, it is possible that effector molecules of these

receptors regulated a change in gene expression in response to environmental cue, meaning the

signalling  was  directly  from  proto-cilium  to  DNA.  Low-complexity,  non-expanded  signalling

pathways might have been in place before sequential/combinatorial regulation, meaning proteins

from the proto-cilium also affected gene regulation directly and needed to associate with DNA. For

this, ‘ciliary’ proteins would also have needed DNA-binding motifs (that were also present before

cilia) that could eventually evolve into NLS, as has been proposed (LaCasse and Lefebvre, 1995;

Cokol et al., 2000; Lisitsyna et al., 2020). Through this, ciliary proteins would have a preexisting

propensity  to  enter  the  nucleus  before  the  NE  and  NPC  were  fully  in  place.  The  obvious

evolutionary advantage in pre-eukaryotes would be that no additional layers of regulation or de

novo invention of  nuclear  effectors  were  needed due to  recycling  of  existing  mechanisms like

nuclear import. This would also explain why some of the Nups could be re-purposed to function in

ciliary import sorting. In this scenario, ‘ciliary’ proteins would have dual functions until cilia were

fully  established  after  NPCs  were  functionally  selective  barriers.  With  addition  of  layers  for

signalling  cascade  regulation,  some of  the  ciliary  proteins  would  likely  have  lost  the  need  to



translocate to the nucleus directly and instead remained ciliary (Fig. 4). However, to fully answer

the  question  in  which  order  organelles  and  compartments  evolved  it  is  crucial  to  gain  an

understanding  the  relationship  between  the  derivatives  of  the  protocoatomer.  The  uncertain

placement  of  acquisition  of  BBSome/IFT complexes  relative  to  acquisition  of  other  organelles

makes it hard to untangle the possible scenarios of how ciliary proteins could have evolved nuclear

functions. Phylogenetic reconstruction of earlier diverging eukaryotic clades will bring clarity to

how NPCs looked and functioned in LECA, and will also help resolve the relationship between type

I,  type  II  and IFT/BBSome coats.  This  will  help  determining  the  exact  sequence  of  organelle

evolution, and by extension shed light onto eukaryogenesis itself by clarifying how basic biological

functions arose de novo in the developing pre-eukaryotic cell.
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Figure legends

Figure 1: Overview of a eukaryotic cilium and intraflagellar transport machinery. Cargo is

transported from the proximal basal body along the ciliary axoneme to the tip,  where cargo is

released, the IFT train re-structured and send back towards the basal body.

Figure 2: Overview of protocoatomer-derived vesicle coats and their field of action.  While

parts of the IFT/BBSome are derived from protocoatomer, they are not vesicle coats sensu stricto.

They do however associate with membranes for cargo delivery. 

Figure 3: Potential series of events that led to the current spectrum of membrane vesicle coats.

ɑ-solenoid and  β-propellers are present in bacteria and archaea, but only separately. Lateral gene

transfer and fusion events likely lead to the formation of the primordial ɑ/β chimera that nucleated

the protocoatomer.

Figure 4: Sequence of events leading to the ER, GA, cilium, and NE. In the post-FECA cell, the

initial protocoatomer likely facilitated directed delivery from the plasma membrane to a proto-ER

and vice versa. DNA was freely accessible due to a lack of NE structure. With the enrichment of

receptors on a specific patch of the plasma membrane, the cell developed a primitive membrane

protrusion, the proto-cilium, that further enhanced signalling capabilities. Pre-existing signalling

cascades  were  inherited,  novel  pathways  established,  and regulated  via  intermediate  regulatory

levels.  With  the  paralogous  expansion  of  the  protocoatomer,  the  cell  was  able  to  differentiate

between inwards and outwards transport, and to establish an intermediate compartment for sorting,

the proto-GA. The type I coats used for inwards transport could also be co-opted by the developing

proto-cilium. After  further  diversification of  type I  and type II  coats,  the NE could form with

primitive pores, limiting free diffusion of ‘ciliary’ signalling effector proteins into the forming NE.

However,  some  of  the  ciliary  proteins  still  could  enter  (either  due  to  size  or  presence  of

advantageous protein structures), while others relied on intermediate messengers that could. At the

time the NE with NPCs was fully formed, some signalling pathways must have been lost. Some

pathways made use of other proteins that could enter, and others retained their nuclear functions

fully.



BBSome

IFT-A

IFT-B

Adapters

DYNC2H1

Kinesin-II

Motors

retrograde transport

anterograde transport

Tubulin

GPCRs

Cargoes

Basal body Axoneme

IFT train

Tip

Figure 1



Endocytosis

Cilium

recycling/
sorting

endosomes

lysosome/
vacuole

Golgi
apparatus

late
endosome

Endoplasmic
reticulum

Nucleus

Adaptin

Clathrin

COP I

COP II

BBSome/IFT

Figure 2



α-solenoid
type I

α/β-protein proto-

coatomerβ-propeller

endosymbiosis

lateral gene transfer

polarised transport

proto-ER
proto-Golgi

FECA LECA

proto-cilium

type II

COP I

nuclear

envelope

COP II

COP I

Adaptins,

Clathrin, TSET

IFT/BBSome

IFT/BBSome

COP II

SEA, HOPS,

CORVET

Nucleoporins

Figure 3



regulated tra昀케cking
forming proto-cilium
accessible DNA

establishing coats
extending cilium
accessible DNA

diversifying coats
establishing IFT

restricted DNA access

polarised tra昀케cking
sensory membrane patch

accessible DNA

established coats
established IFT
selective NPCs

Figure 4



5. DISCUSSION

5. DISCUSSION

Cilia play crucial roles in numerous eukaryotic cells. Their proper function is vital for both single-

celled organisms and complex multicellular life forms, contributing to activities like movement,

sensory  perception,  and  growth.  The  newfound  extraciliary  functions  of  ciliary  proteins  in

mammalian  cells  expand  their  influence  beyond  their  original  ciliary  duties.  This  prompts  the

question of whether these functions remain consistent in other eukaryotes, potentially as ancestral

traits, or if they were adopted independently through convergent evolution. To address this, we

embarked on reconstructing the evolutionary trajectory of the BBSome and chaperonin-like BBS

proteins.  We identified orthologues  and predicted their  nuclear  localisation  using  bioinformatic

signal  sequence  prediction.  Additionally,  we  harnessed  the  research  potential  of  non-model

organisms such as insects to illuminate the gene regulatory and nuclear roles of BBS proteins. By

contextualising current  research findings  within the framework of  eukaryotic  evolution and the

transition from prokaryotes to eukaryotes, we aimed to elucidate the reasons behind the presence of

ciliary proteins in the nucleus.

5.1. CONSERVATION OF BBS PROTEINS IN EUKARYOTES

Our analysis  of  the  distribution  of  BBSome components  across  different  eukaryotic  organisms

validates the widespread occurrence of these proteins and their strong evolutionary connection with

the presence of cilia  (Ewerling et al., 2023b; Hodges et al., 2010). Additionally, our investigation

indicates that the more limited chaperonin-like BBS proteins are not exclusive to Metazoa; they also

appear in  amoebae and early-branching organisms like  Malawimonas jakobiformis.  Contrary to

earlier  studies  (Mukherjee and Brocchieri,  2013),  our  findings  do not  replicate the presence of

BBS6-like proteins in oomycetes. This suggests that the chaperonin-like BBS proteins are unique to

the Opimoda lineage of eukaryotes.

We observed a consistent presence of BBSome proteins as a set. This set encompasses at least one

representative  from each subset  of  BBSome proteins,  specifically  the  BBS1-like,  TPR-domain-

containing,  and  PH-domain-containing  families  (Fig.  8).  There  are  exceptions  to  this  pattern,

particularly  in  lineages  where  the  most  recently  diverging  species  have  undergone  a  gradual

reduction in ciliary protein complexes, and eventually lost the cilium altogether. For instance, in

Phytophthora, although P. ramorum lacks TPR proteins BBS4 and BBS8, as well as the BBS1-like

protein BBS2, its closely related species P. infestans retains all three (van Dam et al., 2013). This

reduction in the protein set might indicate a gradual loss of cilia in stramenopiles, exemplified by
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Phaeodactylum's complete loss of cilia and associated proteins. A similar trend of reduction and loss

is evident in other clades; for instance, Batrachochytrium dendrobatidis, an early branching fungal

representative, still possesses a cilium but lacks the BBSome complex (Ewerling et al., 2023b). This

loss of BBSome proteins comes with a non-canonical cytoplasmic ciliogenesis (Venard et al., 2020),

a  trend  that  aligns  with  cases  like  Plasmodium and  Toxoplasma,  two  alveolates  that  assemble

cytosolic cilia without needing a functional BBSome (Killick-Kendrick and Peters, 1978). Another

example of BBSome reduction is  Drosophila melanogaster, where all BBSome components are

present but BBS2 and BBS7  (Ewerling et al., 2023a). A deeper look into other insect genomes,

transcriptomes  and  proteomes  however  revealed  that  Drosophila is  atypical  in  its  BBSome

composition. While no other queried insects possess homologues to chaperonin-like BBS proteins,

it appears that the BBSome itself is highly conserved, apart from a BBS1 homologue in honeybees

(Ewerling et al., 2023a). The impact of  D. melanogaster as a model organism for developmental

and neuronal biology remains undisputed (Jennings, 2011), however for cilia biology, the organism

is less well suited as it lacks two of eight BBSome components. Other insects may serve as more

representative examples to research ciliary proteins in ciliary and non-ciliary contexts.

Terrestrial fungi and  Cryptosporidium, which no longer develop cilia, also lack BBSome protein

counterparts,  except  for  a  notable  match  in  BBS5 found  in  Toxoplasma gondii.  RNAseq  data

validates the expression of this orthologue, primarily during a life-cycle stage known to be non-

ciliated (Ramakrishnan et al., 2019). Given that certain BBSome components might be dispensable,

and their loss precedes the gradual loss of the entire complex and subsequently cilia, a question

arises  regarding why  Toxoplasma retains  a  single BBS protein.  This  situation  could  indicate  a

potential residual function for BBS5 in Toxoplasma's cytosolic ciliary assembly or, which is more

likely, suggests that the protein serves a non-ciliary role.

Further investigation of the identified orthologs through sequence analysis yielded insights into the

distribution  of  nuclear  localisation  or  export  signals  (NLS  and  NES,  respectively).  It  became

evident that predicted NLS signals manifest in a binary manner, showing an "all-or-nothing" trend,

while NES signals exhibit a more dispersed pattern across various prediction scores. Among the

BBS proteins, BBS7 exhibited the highest likelihood of receiving high NES scores followed by

BBS1 and BBS8, whereas BBS4 and BBS9 showed the highest probability of obtaining high NLS

scores  (Ewerling et al., 2023b). To determine whether there is a preference for stronger nuclear

signal  sequences during open or  closed mitosis,  a  permutation test  was conducted.  The results

showed no significant increase in the likelihood of NLS or NES presence in BBS proteins during
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either form of mitosis. This implies that the nuclear localisation of BBS proteins likely did not co-

evolve with the transition to a specific form of mitosis; instead, it seems to have emerged as a recent

adaptation in particular lineages. Combined with the potential co-evolution of ciliary proteins and

the NE, it would be fitting that the nuclear localisation of BBS proteins was established before any

form of closed mitosis (due to the lack of a functional NE).

When overexpressed in human cells, BBS1, BBS2, BBS7, BBS9, BBS4, BBS8, and BBS5 were

also  detected  in  the  nucleus.  This  nuclear  localisation  likely  arises  from  an  active  transport

mechanism between the  cytosol  and nucleus.  Notably,  the  nuclear  pore's  size-exclusion  barrier

restricts  the free  diffusion of  molecules with a  mass  exceeding 40 kDa,  a  criterion met  by all

nuclear-localising  BBS  proteins  except  for  BBS5.  Interestingly,  despite  lacking  classical  NES,

BBS5 is detectable in the nuclear fraction and is also evident in immunocytochemical staining. The

presence of two pleckstrin-homology-like domains in BBS5 could theoretically facilitate interaction

with  nuclear  phosphoinositides,  which  have  been  implicated  in  chromatin  remodeling  and

transcriptional regulation  (Keune et al., 2011), further pointing towards gene regulatory functions

for BBS proteins in the nucleus.

5.2. NUCLEAR FUNCTIONS OF BBS PROTEINS

Regulation of differential gene expression during development of tissues is a novel role for BBS

proteins that has only been described recently  (Gascue et al., 2012; Scott et al., 2017). But BBS

proteins are also involved in short-term responses to more immediate environmental cues.  Recent

studies have shown that BBS proteins are recruited for translocation of transcription factors after

application of cytotoxic stress: BBS4, which is normally localised at centrosomes in cycling cells or

the basal body in quiescent cells, translocates from cytosol to nucleus after induction of ER stress

(Horwitz and Birk, 2021). Here, BBS4 associates with transcription factors that initiate the unfolded

protein response (UPR). This is reminiscent of a similar mechanism seen in BBS6 that is disturbed

in McKusick-Kaufman Syndrome (MKKS), where a mutation disrupts the shuttling of BBS6 in and

out of the nucleus, enriching SMARCC1 in the cytoplasm. Unpublished work from our group also

showed that induction of cyto- and genotoxic stress induces a translocation of BBS4, BBS6, and

BBS8 from cytoplasm to nucleus (Patnaik et al., in prep.). Therefore it seems like BBS proteins

have a pivotal role in both developmental, long-term regulation of genes, and short-term responses

to environmental cues by associating with transcription factors and effector proteins and ensuring

cytonucleoplasmic translocation.
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Individual  BBS proteins can enter  the nucleus  – at  least  in  transiently transfected human cells

(Ewerling et al., 2023b). Not all BBS proteins localise to the nucleus to the same extent or in the

same manner  (Ewerling et  al.,  2023b),  indicating  that  their  entry  and exit  from the  nucleus  is

differentially regulated, probably because their nuclear funtions differ and are independent of each

other. The study confirmed previous work showing BBS7 localisation to the nucleus in mammalian

cell  lines  (Gascue  et  al.,  2012).  There,  BBS7  was  implicated  in  transcriptional  regulation  by

interaction  with  E3  ubiquitin  ligase  RING2  (RNF2).  RNF2  itself  regulates  histone-

monoubiquitylation on genes involved throughout development (Cao et al., 2005). BBS7 therefore

might not only regulate developmental processes via its function in the BBSome and the signalling

hub that is the primary cilium, but also by regulating chromatin-associated proteins. In agreement

with this, target genes of RNF2 were misregulated upon depletion of BBS7 (Gascue et al., 2012)

and in our data, BBS7 was also mostly localised at the nuclear membrane (Ewerling et al., 2023b).

The  nucleoplasmic  face  of  nuclear  pores  is  known  as  a  hotspot  for  transcriptional  regulation

(Casolari et al., 2004; Ishii et al., 2002), concomitant with chromatin remodelling that is typically

seen after  histone  modifications.  The  predominant  localisation  of  BBS7 and BB8 could  be  an

indication that they are involved in either chromatin-remodelling complexes such as the RNF2-

containing  polycomb  repressive  complex  1  (PRC1)  or  a  direct  interaction  with  transcriptional

regulators that are typically found at sites of active transcription, such as transcription factors or

RNA polymerases. 

Another process linked to the inner nuclear membrane and the nuclear pore complexes in particular

is the export of nascent mRNAs. During transcription, mRNAs with bound proteins (mRNPs) are

exported through NPCs. This is facilitated (among others) by the TREX2-complex (Stewart, 2019,

2007) located at the nucleoplasmic site of NPCs, the nuclear basket (Umlauf et al., 2013). As BBS8

seems to localise to the nuclear periphery, it is possible that it interacts with parts of the TREX2

machinery.  TREX2  is  well  conserved  from  yeast  to  mammals,  so  a  regulatory  role  across

eukaryotes is not unlikely, given the conserved character of BBS proteins themselves. BBS proteins’

NLS and NES could act in two ways: on one hand, their nuclear signal sequences could aid in

importing parts of regulatory complexes into the nucleus, while on the other hand, having an NES

could  recruit  exportins  to  mRNP  complexes  to  facilitate  cytoplasmic  translocation.  Different

patterns in nuclear staining for BBS proteins  (Ewerling et al., 2023b) indicate that not all BBS

proteins  take  part  in  the  same  functions  or  complexes.  This  might  be  a  crucial  point  of

spatiotemporal regulation targeting different mRNPs at different points throughout the cell cycle
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and organismal development. Many targets of RNF2 require a precisely regulated on-off-switch:

RNF2 regulates X chromosome inactivation in mammals (Almeida et al., 2017; de Napoles et al.,

2004), differentiation of germ layers (Morey et al., 2012), and modulation of HOX gene expression

through histone modifications (Buchwald et al., 2006; Tavares et al., 2012). 

Our data consolidates that BBS proteins can have roles outside of ciliary trafficking. However, as

not all BBSome proteins localise to the nucleus and those that do have distinct patterns (Ewerling et

al., 2023b), it is likely that BBS protein involvement in nuclear processes is independent of their

function as a complex. This nuclear localisation does not appear to be the result of the BBSome (or

individual proteins) being coincidentally incorporated into the nucleus due to evolution towards

open mitosis, but is equally likely in all eukaryotic species possessing BBS proteins. This leaves

two options for the evolution of BBS proteins’ nuclear function: Given that BBS proteins are found

across all eukaryotic taxa, even on occasion in species without  classical ciliogenesis, this might

place  the  root  of  nuclear  functions  of  BBS proteins  early  during  the  radiation  of  eukaryotes,

potentially even at or before LECA. This scenario is likely for BBS7, as we could show through

ancestral state reconstruction that the hypothetical LECA orthologue bears a strong NES, likely

making it  nuclear  (Ewerling et al.,  2023b).  Another explanation is an independent convergence

scenario where conserved BBS proteins filled an ecological niche for gene regulation on numerous

occasions.  This is the case for BBS4 and BBS9, where reconstructed sequences at  the base of

Choanozoa and in  Thecamonas trahens in Opimoda, and  Monocercomonoides in Diphoda have

NLSs, but without direct connections to each other. Either theory can be elucidated by investigation

of their nuclear interactome and gene regulatory functions in different eukaryotic species to conduct

comparative interactomic studies. This information is crucial to understand the evolution of the

cilium, nucleus and the origins of regulatory networks in early eukaryotes that have potentially

persisted until today.

5.3. NON-MODEL ORGANISMS FOR NON-CILIARY FUNCTIONS

Cilia  biology  has  always  used  many  different  model  organisms  to  elucidate  the  structure  and

function of eukaryotic cilia. Earliest studies have been conducted in the single-celled green alga

Chlamydomonas reinhardtii in the mid of the 20th century, and have led to the discovery of universal

ciliary  properties  such  as  IFT,  ciliary  assembly  and  disassembly,  and  signalling  functions

(Bernstein, 1995; Dutcher, 1995; Harris, 2009; Lechtreck et al., 2009; Lechtreck and Geimer, 2000;

Pröschold et al., 2005). Scientists have since used a smörgåsbord of ciliated species to answer the
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specific research question at hand, and did so to great avail  (Vincensini et al.,  2011), revealing

lineage-specific intricacies to cilia biology. However, researching non-ciliary functions of ciliary

proteins  puts  researchers  in  a  quandary:  using  ciliated  species  such  as  Chlamydomonas,

Tetrahymena,  or  Choanoflagellates  comes with the advantage of  guaranteed presence of  ciliary

proteins;  the  downside  being that  these  proteins  will  mainly be localised  at  the  cilium or  BB.

Studying ciliary proteins outside their ciliary context requires novel approaches to proteomic and

interactomic analyses. While existing model system can be manipulated in order to obtain pure

organelle-specific protein samples through subcellular fractionation, the process must be adjusted to

fit the biochemical properties of each organism. Existing model organisms can be used in such a

way,  but  broader  phylogenetic  representation  is  needed  to  make  confident  statements  about

inherited phenotypes and functions. In order to find novel organisms for researching non-ciliary

functions of ciliary BBS proteins, we chose insects as a potential clade.

Insects provide the advantage of expressing cilia only in two tissues, neurons and sperm cells (Keil,

2012). This restriction allows for separation of ciliated and non-ciliated tissue, and simultaneously

guarantees the presence of ciliary genes in the organism. Earlier studies  (Ewerling et al., 2023b;

Hodges  et  al.,  2010) have  used  the  fruit  fly  Drosophila  melanogaster and  the  honeybee  Apis

mellifera as well-studied representatives of the insect clade (Grozinger and Zayed, 2020; Jennings,

2011;  Trapp  et  al.,  2017;  Weinstock  et  al.,  2006).  However,  both  species  lack  BBS  proteins

conserved in other species, and therefore offer limited transferability of interactomic studies to other

eukaryotes. Broader sampling and phylogenetic reconstruction of BBS homologues in insects has

revealed that  both  D. melanogaster and  A. mellifera are unique in the way that  they assemble

“incomplete” BBSomes (Ewerling et al., 2023a, 2023b; Hodges et al., 2010), and that other early-

branching insects do indeed possess homologues to all BBS proteins. 

BBS proteins have been implicated in the establishment of a social parasitism phenotype in Cape

honeybees (Wallberg et al., 2016) and could play a role in differential gene regulation, resulting in

distinct phenotypes. Honeybees establish social hierarchy and labour distribution within a caste via

differential gene expression. While we could not identify a BBS1 homologue, we found BBS4, 5, 7

and 8 being most differentially regulated between queens (female) and drones (male) (Ewerling et

al., 2023a), all of which have been implied to potentially fulfil nuclear roles (Ewerling et al., 2023b;

Gascue et al., 2012; Horwitz and Birk, 2021). Single proteins of the BBSome complex are higher

expressed in the brain, hinting at an independent role from the BBSome. Further subsets show that

BBS8 is significantly enriched in drone brains compared to queen brains, highlighting its potential
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role in gene regulation. Within females, BBS4 shows highest expression in antennae and glands.

Antennae  are  enriched  with  neuronal  olfactory  receptors  and  are  using  in  intraspecies

communication across insects  (Sharma et al., 2015), meaning signal transduction likely happens

through cilium-mediated signalling cascades. The presence of one, but not all BBSome proteins

implies an elevated role for this protein in signal transduction in particular. At the same time, BBS4

is also higher expressed in the hypopharyngeal, mandibular, sting, and Nasonov glands. Apart from

the sting gland, they serve communication functions between individuals, and actively shape the

establishment of social  castes in  and behaviour  of  the colony  (Ahmad et  al.,  2021;  Kamakura,

2011). Clearly, single BBS proteins perform crucial functions in honeybees, either through their

functions in ciliary maintenance, or as single proteins to a currently unknown extent. Given that

there is an extensive toolkit for molecular manipulation of insect cells (Ikonomou et al., 2003) and

that  insects  are  excellent  models  for  social  and behavioural  studies,  the  thought  of  “adopting”

insects as a model for non-ciliary functions of ciliary proteins is certainly worth entertaining.

5.4. A CO-EVOLUTION SCENARIO FOR NUCLEAR CILIA PROTEINS

One of the major transitions of life has been the development of a sophisticated, compartmentalised

endomembrane  system  that  probably  contributed  to  the  success  of  eukaryotes  (Smith  and

Szathmáry, 1997). While the “original” nuclear membrane was likely freely permeable, the nuclear

envelope has since evolved into a tightly regulated, selective transport barrier  (Field et al., 2014;

Hoelz et al., 2011; Wilson and Dawson, 2011). During interphase, proteins and nucleic acids must

pass  the  NPCs  by  association  with  importin  and  exportin-class  proteins.  In  some  organisms

(including green plants and animals), the nuclear envelope completely breaks down during mitosis,

while in others (such as yeasts), the envelope remains intact. The mitotic NE breakdown is however

not  binary.  Many eukaryotes  partially  break  down the  NE,  allowing microtubules  to  enter  the

nuclear space through fenestrated openings, the extent of which is dependent on the species (Fig. 9).

The breakdown of the nuclear envelope may serve as an entry point into a compartment that is

otherwise  inaccessible without a NLS. On the other hand, in an organism with a closed form of

mitosis,  all  nuclear  proteins  must  be actively transported into the nucleus.  We reasoned that  if

nuclear  roles  for  BBS proteins  are  conserved,  there  might  be  a  higher  need for  NLS in  BBS

orthologues in species with a closed form of mitosis and, conversely, a potential increase of NES in

BBS orthologues in species with an open mitosis. Our permutation analysis (Ewerling et al., 2023b)

showed no statistical bias towards NLS or NES signals in association with mitotic mode. Hence the

appearance of nuclear signal sequences is not coincidental with the evolution of a specific mitotic
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pattern. However, while we predicted mostly NES signals for human BBS proteins, we still find

nuclear localisation via both subcellular fractionation and immunofluorescent staining which seems

counter-intuitive at first glance. The discrepancy between predicted nuclear localisation (and mainly

nuclear export) comes from the bioinformatic models used to make the predictions. Our analysis

was based on prediction of classical, basic NLS signals  (Nguyen Ba et al., 2009). Computational

NLS predictors only recognise a relatively low percentage of  true  NLSs (37% for NLStradamus

against a dataset  of non-yeast sequences) with  good  confidence. This means however that many

NLSs are not recognised, and non-classical (e.g. PY-NLS) or protein-specific NLSs are not covered

at  all.  Computational  analysis  alone is  therefore not  sufficient  to fully  answer the evolutionary

question of nuclear BBS functions and highlights the need for molecular biological confirmation in

species of interest.  To  trace back the origin of obviously functional nuclear signal sequences in

“ciliary” BBS proteins, it is worth highlighting the similarities between nuclear and ciliary import

systems and to look at their evolutionary history.

5.4.1. THE CILIARY PORE – A FOSSIL OF CO-EVOLUTION?

Nuclear pore complexes and intra-organellar transport vesicle coats, including components of the

IFT and BBSome are likely derived from a hypothetical protocoatomer complex that must have

emerged early in eukaryotic evolution (Obado et al., 2016). These ancient coating complexes first

aided  in  bending  and  stabilising  primitive  membrane  invaginations  and,  through  duplications,

diverged to serve the specialised functions we see today (Field et al., 2011; Field and Rout, 2019).

As components from both BBSome and IFT complexes share a common ancestor with type I family
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Figure 9: Spectrum of nuclear envelope breakdown during mitosis with representative species.
The nuclear envelope (NE) behaves dynamically during mitosis in di昀昀erent organisms: in closed
mitosis, the NE remains intact, and spindle poles are anchored within the NE, as seen e.g. in
fungi. Other species have small or large fenestrations in the NE for microtubules to enter the
nucleoplasm. Complete NE breakdown during mitosis can be observed e.g. in animals and plants.
Adapted from Ewerling et al, 2023b.
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coat proteins (van Dam et al., 2013) and the latter are found in endomembrane organelles, IFT must

have at least  emerged concomitantly with the establishment of  a proto-ER and/or proto-GA. The

proteins of  NPCs are structurally related to both COPI- and COPII-family proteins  (Devos et al.,

2006, 2004), and are therefore also most likely a rather late addition to the “pre-karyotic” cell, i.e.

after  diversification of membrane coats from the protocoatomer.  However,  nucleoporins can be

found at the base of the cilium, regulating ciliary import in a similar fashion as they do at nuclear

pores  (Kee et al., 2012). Nup98 (Endicott and Brueckner, 2018), Nup205 (Marquez et al., 2021),

Nup62 (Kee et al., 2012), Nup93, Nup98 and Nup188 (del Viso et al., 2016; Endicott et al., 2015) as

well  as  Nup85  (Endicott  and  Brueckner,  2018) can  all  be  found  at  the  ciliary  base  of  cilia,

interacting with the NPHP module for ciliary cargo sorting and playing crucial roles for mammalian

left-right-axis determination (Blasius et al., 2019; Endicott et al., 2015; Heinß et al., 2020). This led

to the proposition of a “ciliary pore complex” (CPC) akin to the nuclear pore complex, albeit with a

distinct architecture (Kee and Verhey, 2013; Takao and Verhey, 2016) (Fig. 10). While the NPC is

anchored to the NE via interaction between membrane ring Nups and other NPC components, cilia

only provide one surface with a lipid bilayer that could potentially anchor the CPC to a membrane.

However, the cargo sorting NPHP module occupies the membrane-facing periciliary space in the

transition zone (Sang et al., 2011; Wang et al., 2022) and was found to interact with Nups (Blasius

et al., 2019). Whether Nups are also anchored to the axonemal MTs and form a “full” NPC/CPC, or

if they decorate the inner perimeter of the cilium, forming a “brush border”, is curently unknown

and  will  require  further  interactomic  studies  and  high-resolution  imaging  to  fully  unravel  the

topology of Nups at the ciliary base.
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This leaves three possible options for the appearance of ciliary proteins at and in the nucleus: Either

I)  the  cilium  developed before  the  NE,  making the  ciliary  functions  ancestral  and the  nuclear

functions co-opted; II) the NE emerged first,  and the close association of the cilium-nucleating

centriole led to nuclear proteins “hitch-hiking” to the cilium and adopting ciliary roles; or III) there

was a substantial period of time where cilium and nucleus co-evolved, with both partitions being

rather “leaky” before diffusion barriers (transition zone in cilia, NPCs ind nuclei) were completely

in place. For several ciliary cargoes, including crucial anterograde IFT protein KIF17 (Dishinger et

al.,  2010),  the  “nuclear”  translocation  system with  importins,  RanGDP/GTP gradient  and NLS

could be confirmed, but others seem to bypass the need for some parts of the system. Interestingly,

primary cilia do not  have any nucleoporins at  the base  (Breslow et al.,  2013).  While there are

differences in nuclear and ciliary import and export, it is still possible that both systems once shared
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Figure  10:  The ciliary  pore  complex.  Although nucleoporins  localise  to  the base of  eukaryotic  cilia,  and they  convey
selectivity similar to their function in NPCs, the actual structure of the ciliary pore complex (CPC) is not yet resolved.
Interactions  suggest  that  the  CPC  sits  in  the  transition  zone  and  coordinates  selective  passage  of  proteins  through
interaction with other transition zone modules, but three constellations are theoretically possible. Adapted from Kee and
Verhey, 2013, and Takao and Verhey, 2016.
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a common ancestral machinery. Given the close phylogenetic relationship between membrane coats

and the IFT/BBSome proteins that derived from the protocoatomer, the latter co-evolution scenario

would explain best how predominantly ciliary proteins could withstand the evolutionary pressure of

a selective NPC without acquiring nuclear functions de novo. However, as the proteins it is possible

for them to gain nuclear functions, as seems to be the case for BBS4 and BBS9 (Ewerling et al.,

2023b). Future analysis comparing the divergence of ciliary vesicle and cargo coat complexes such

as  the  BBSome  from nucleoporins  and  the  ancestral  protocoatomer  needs  to  be  conducted  to

untangle their shared evolutionary history.

6. IMPACT OF THIS WORK AND OUTLOOK

Cilia have fascinated researchers ever since their discovery by Antoni van Leeuwenhoek in 1675.

They were the first organelle to be described, and their structure and functions are still actively

being  researched  today.  Their  function  as  cellular  motility  and  signalling  apparatus  remains

conserved from single-celled protists  to  multicellular  organisms.  It  was  only recently  that  they

became relevant to clinicians and cell biologists alike as crucial organelles for homeostasis and

development in a pathological context, and the interest in these organelles has never been higher.

The proteins underlying human diseases known as ciliopathies are conserved, and studying them

outside their pathological context has brought insights into cell biology and evolutionary biology.

Recent  studies  could  show  that  ciliary  proteins  are  however  not  restricted  to  their  ciliary

compartment, and that they play roles in various other cell biological contexts. These advances in

ciliary research play a crucial role in understanding the disease phenotypes of ciliopathies as they

can help to explain the phenotypic plasticity that can be observed in patients. Gaining insights into

the interactomes of ciliary proteins outside of cilia opens the way for novel treatment strategies that

may help alleviate the symptoms that are not directly linked to dysfunctional cilia, but rather their

gene regulatory roles.

With this work, we employ state-of-the-art bioinformatic analyses to identify BBSome components

as part if the ciliary IFT machinery across a broadly sampled set of eukaryotic species. We confirm

previous studies and additionally identify single BBS proteins that must serve non-ciliary functions.

Our in-depth analysis of insects as potential models for research of non-ciliary functions of BBS

proteins revealed them as a promising clade for future behavioural and interactomic approaches. We

found that BBS proteins are more conserved in insects than previously thought. Using molecular

biology tools, we consolidated the nuclear presence of BBS proteins in human cells, showing that
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BBS proteins are far more often nuclear than was expected from literature. Finally, we construct a

conceivable scenario of early eukaryotic evolution that allowed “ciliary” proteins to co-evolve with

the nucleus, allowing proteins of both organelles to adapt to dual functions, and leading to the gene

regulatory roles of BBS proteins we see today.

Current model organisms have provided and will continue to provide a valuable resource for ciliary

biology. However, we could show that in some respects, not all models are as suitable for specific

research questions,  e.g.  nuclear  functions of ciliary proteins.  With our work,  we could identify

several other organisms that could prove to be valuable: insects could also be used as a suitable

model for non-ciliary, gene regulatory functions of ciliary proteins, as their behaviour and social

hierarchy are heavily influenced by differential gene expression. Our work shows that BBS genes

are significantly differentially  expressed between sexes and certain tissues,  and that  they could

influence sociality in honeybees specifically. We also identified Discicristates as a potential model

for non-ciliary BBS functions as their BBS orthologues contain above-average counts of nuclear

signal sequences. Discicristates encompass many eukaryotic pathogens such as Trypanosomatida,

and elucidating non-ciliary functions of BBS proteins in these organisms also helps advance the

research into treatments against other disease-causing agents. 

Our bioinformatic work and its corroboration in human cell lines have unearthed highly interesting

patterns for nuclear localisation of BBS proteins. By ancestral state reconstruction, we were not

only able to infer which of the BBS proteins are expected to show nuclear phenotypes can be

expected in other eukaryotes, but we could also pinpoint which proteins likely had a recent gain of

nuclear function, and which protein has an ancestrally conserved nuclear phenotype. The findings

can be experimentally validated by expressing the reconstructed sequences in basal eukaryotes and

assessing the localisation biochemically, and could also be refined by including more species and

expanding the orthologue searches.

This work provides the basis for further studies of the nuclear functions of BBS genes in a variety

of  eukaryotic  organisms.  We could  show that  the  nuclear  phenotype  of  BBS proteins  is  more

prevalent  than  previously  anticipated,  and  that  single  BBS  proteins  stand  out  in  terms  of

conservation. However, as the localisation pattern differs between proteins (and potentially between

species), the crucial next step is now to analyse the nuclear interactome of BBS proteins. Different

BBS proteins have been shown to regulate different gene expression pathways, some of which in

ways that are also highly conserved in eukaryotes. It is now of interest to compare specifically the

120



6. IMPACT OF THIS WORK AND OUTLOOK

nuclear interactomes of different BBS proteins in different species to see if not only the localisation,

but also the gene regulatory functions are conserved across eukaryotes, and if BBS proteins play

roles in regulating the response to similar external influences, e.g. in DNA damage response or by

influencing DNA methylation patterns.

With sequencing technology becoming cheaper and more reliable, transcriptomics and proteomics

becoming more and more sensitive, and increasingly interdisciplinary research, the field of cilia

biology is on the brink of a revolution. The acknowledgement of ciliary proteins outside of cilia and

their apparent impact on a plethora of biological mechanisms from cargo transport to cell cycle

regulation  and  gene  regulation  has  transformed  cilia  research  from  either  a

molecular/developmental  biology  or  evolutionary  biology  discipline  to  a  highly  dynamic,

integrative  science  incorporating  methods  and  insights  from  both  worlds,  resulting  in  a  new,

syncretic approach to pressing research questions from both fields.
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