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SUMMARY
DNA replication is a ubiquitous and conserved cellular process. However, regulation of DNA replication is
only understood in a small fraction of organisms that poorly represent the diversity of genetic systems in na-
ture. Herewe used computational and experimental approaches to examine the function and evolution of one
such system, the replication band (RB) in spirotrich ciliates, which is a localized, motile hub that traverses the
macronucleus while replicating DNA. We show that the RB can take unique forms in different species, from
polar bands to a ‘‘replication envelope,’’ where replication initiates at the nuclear periphery before advancing
inward. Furthermore, we identify genes involved in cellular transport, including calcium transporters and
cytoskeletal regulators, that are associated with the RB andmay be involved in its function and translocation.
These findings highlight the evolution and diversity of DNA replication systems and provide insights into the
regulation of nuclear organization and processes.
INTRODUCTION

DNA replication is the process by which genomic DNA is dupli-

cated in anticipation of cell division. To ensure that the genome

is replicated accurately and only once, a variety of mechanisms

are employed that coordinate the assembly and initiation of repli-

cation complexes.1 In eukaryotes, hundreds to thousands of

dispersed DNA-encoded replication origins serve as docking

sites upon which the pre-replication machinery can assemble.2,3

However, the varying accessibility of eukaryotic genomes con-

strains cis regulators because replication origin firing is strongly

influenced by local chromatin environments.1,4–6 Although open,

transcriptionally active chromatin is permissive to replication,

silenced heterochromatin restricts or at least delays initia-

tion.2,7,8 In turn, accessibility to replication origins generates

temporal patterns in DNA replication as cells establish replica-

tion timing profiles in which certain sites are consistently

replicated before others.9,10 This has been proposed to have

functional implications for the establishment of transcriptional

and chromatin states following cell division.9,11 Indeed, replica-

tion patterns have been demonstrated in yeast and animals,

and replication timing profiles can be evolutionarily conserved,

as in mammals.9,12 In addition to temporal control, chromatin-

dependent DNA replication results in spatial coordination

because replication origins in the interior of the nucleus fire

earlier than those found at the nuclear periphery, a pattern

that correlates with the distribution of euchromatin and
66 Current Biology 31, 66–76, January 11, 2021 ª 2020 Elsevier Inc.
heterochromatin and is independent of the position of specific

chromosomes.2,13 However, detailed investigations of DNA

replication patterns and mechanisms have only been carried

out in a small number of eukaryotic model systems despite the

degree of nuclear diversity observed across the tree of eukary-

otes. These diverse and underexplored systems can hold impor-

tant clues for understanding nuclear mechanisms, such as

whether replication timing profiles and spatial organization are

functionally significant or, instead, are mostly byproducts of

chromatin structure and transcriptional activity.

One system that can provide insights into the function and

mechanisms governing the regulation of DNA replication is the

macronuclear replication band (RB) in spirotrich ciliates. Spiro-

trichs are a large and diverse group of ciliated protozoa that in-

cludes model organisms such as Oxytricha and Euplotes.14

Like all ciliates, spirotrichs have a transcriptionally quiescent

germline micronucleus and a transcriptionally active somatic

macronucleus, but they have also evolved a number of additional

unusual nuclear characteristics. For instance, spirotrich macro-

nuclear genomes are encoded on tens of thousands of endore-

plicated gene-sized chromosomes that typically contain single

genes flanked by short untranscribed regions and telo-

meres.15,16 The abundance, small size, and distribution of these

chromosomes within the macronucleus likely pose challenges

for coordinating DNA replication that appear to be circumvented,

at least in part, by the physical and temporal coordination of DNA

replication in an RB. Spirotrich RBs are disk-like structures that
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Figure 1. Representation of the replication

band in Oxytricha trifallax

(A) A fluorescent micrograph depicting the repli-

cation band (RB) in O. trifallax following DAPI

staining. Note the two lobes of the macronucleus

and the stratified appearance of the RB. The

bands will travel lengthwise along the linear axis of

the elongated macronuclear lobes before merging

and then disappearing at the nuclear midpoint.

Scale bar, 50 mm.

(B) A diagrammatic representation of the spirotrich

RB with key features labeled. As the RB pro-

gresses, DNA replication advances radially from

the nuclear periphery toward the interior.
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typically form at each pole of a long, ellipsoidal macronucleus

during initiation of S phase and thenmigrate toward one another,

generating a wave of chromatin modifications and replicated

DNAbeforemerging at themacronuclearmidpoint (Figure 1).17,18

The structure of the RB is stratified intomultiple zones defined by

differential chromatin states.19–21 The frontal zone (FZ) is charac-

terized by abundant protein phosphorylation and chromatin

packaged in 40-nm fibers, whereas in the rear zone (RZ), his-

tones become acetylated, and fiber size is reduced to 10 nm

(Figure 1B).17,22 At the interface between the FZ and RZ, replica-

tion proteins are localized, and DNA replication occurs at hun-

dreds of foci that initially fire from the nuclear envelope before

proceeding toward the nuclear interior (Figure 1B).23–25 So far,

the molecular machinery organizing the RB and controlling its

orderly translocation is unknown. The altered chromatin states

in the FZ and RZ suggest that chromatin modifiers play a role;

however, the mechanisms coordinating the motility of the band

and its capacity for initiating replication are more enigmatic,

perhaps involving signaling cascades.23,26 Given the vectorial

nature of DNA replication in this system, the RB is a unique but

so far largely unexplored model for investigating the underlying

chromatin dynamics, nuclear changes, and spatiotemporal pat-

terns associated with DNA replication.

To better understand the function and evolution of the RB and

how it relates to spatial control over DNA replication in nuclear

genomes, we aimed to reconstruct the evolutionary history of

the RB and to identify processes related to RB function using

phylogenomics and comparative genomics. Using transcriptom-

ics data from two phylogenetically significant ciliate lineages

related to spirotrichs, Licnophora macfarlandi and Phacodinium

metchnikoffi, we show that the RB has a paraphyletic distribution

because of the phylogenetic position of P. metchnikoffi. Rather

than possessing a typical RB, P. metchnikoffi uses a unique sys-

tem, here called a replication envelope, where DNA replication

initiates simultaneously at the entire nuclear periphery before

progressing into the nuclear interior in a concerted wave. Based

on the phylogenetic distribution of RBs, we identified genes

correlated with the canonical RB, many of which were involved

in intracellular transport and some of which were required for

DNA replication and progression through the cell cycle in Oxytri-

cha trifallax, amodel spirotrich exhibiting typical RBs. These data

support a model suggesting a role for calcium signaling and
cytoskeletal elements in coordinating DNA replication and nu-

clear processes in general.

RESULTS

Phylogenomics Show the Paraphyly of the RB
To reconstruct the evolutionary history of the RB, we generated

transcriptomics data from two ciliates thought to be divergent rel-

atives of the well-studied spirotrichs, Licnophora macfarlandi and

P. metchnikoffi. Licnophora macfarlandi is a sessile marine ciliate

known to exhibit RBs that inhabits the respiratory tree of the

California sea cucumber (Parastichopus californicus) (Figures

S1A–S1D).27,28 In contrast, P. metchnikoffi is a free-living ciliate

that inhabits fresh water pools and appears to lack an RB (Figures

S1E–S1S).29 Current phylogenetic placement of P.metchnikoffi is

ambiguous, with different molecular phylogenies placing it within

or sister to spirotrichs, indicative of a paraphyletic or monophy-

letic RB, respectively.30–33 To reconcile these topologies, we

sought to construct a phylogenomic dataset incorporating

L. macfarlandi and P. metchnikoffi. We combined transcriptomics

data from L. macfarlandi and P. metchnikoffi with 52 previously

published genomic and transcriptomic datasets from other cili-

ates (n = 40) and outgroup taxa (n = 12) to construct a matrix

encompassing 231 concatenated genes and 73,533 amino acid

sites (Table S1). Maximum likelihood analyses of the concate-

nated alignment produced a robustly supported phylogeny that

was consistentwhenusing either free rate heterogeneity or empir-

ical profile mixture substitution models (Figure 2A). Similarly,

Bayesian analyses recovered a nearly identical phylogeny with

all four chains converging on similar, equally well supported topol-

ogies (chain bipartition discrepancies:max difference= 0.175857,

mean difference = 8.37 3 10�4) (Figure 2A).

The resulting trees fully resolved the deep phylogeny of the

ciliate phylum and reconciled the placement of L. macfarlandi

and P. metchnikoffi. All analyses separated the ciliates into

four well-supported and previously defined clades: SAL (Spirotri-

chea, Armophorea, and Litostomatea), CONThreeP (Colpodea,

Oligohymenophorea, Nassophorea, Plagiopylea, Prostomatea,

and Phyllopharyngea), Protocruziaea, and the subphylum Post-

ciliodesmatophora (Figure 2A).34 Inclusion of the karyorelictid

ciliate Loxodes sp. reaffirmed the independent branching of Pro-

tocruzia; previous investigations had placed it sister to
Current Biology 31, 66–76, January 11, 2021 67



Figure 2. Phylogenomics Resolve the Paraphyly of the RB and the Deep Phylogeny of the Ciliates

(A) Maximum likelihood phylogeny based on 231 concatenated proteins comprising 73,533 amino acid sites generated using the LG+C40+F+G4 substitution

model as implemented in IQ-Tree. Statistical support is displayed at the nodes andwas assessed using 1,000 ultrafast bootstraps with the LG+C40+F+G4model,

1,000 ultrafast and non-parametric bootstraps using the LG+F+R8 model, and posterior probabilities determined using the GTR+CAT+G4 model in PhyloBayes.

Black circles represent full statistical support. The percentages of proteins and sites present for each taxon are shown on the left, and the presence and absence

of the RB is denoted by blue and red branches, respectively. The length of the hashed branch leading to Litostomea was reduced by half for simplicity.

P. metchnikoffi and L. macfarlandi are bolded and highlighted.

(legend continued on next page)
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hypotrichs, albeit with poor support, or branching independently

in the absence of karyorelictid representation.34–36 Furthermore,

despite previous ambiguity in the topology of SAL,30,34,36 our an-

alyses recovered Spirotrichea being sister to Armophorea, with

Litostomatea branching at the base of the clade with full statisti-

cal support (Figure 2A), consistent with recent work.37 Within

SAL, we found that L. macfarlandi and P. metchnikoffi branched

with spirotrichs where they formed the two deepest branches:

L. macfarlandi branching as sister to all other spirotrichs, and

P. metchnikoffi branching next as sister to all remaining spiro-

trichs (Figure 2A).

Based on this topology, the RB would be paraphyletic

because of its probable absence in P. metchnikoffi (Figure 2A).

To assess whether this topology could be a result of gene sam-

pling bias, we sub-sampled the 231 gene set into 5% (12 gene)

concatenations by jackknifing (i.e., random sampling without

replacement; n = 58) and used the resulting alignments for phy-

logenetics analysis. The majority of the resulting phylogenies

showed a paraphyletic RB (93%), and many recovered the

best tree topology (34%), suggesting that these phylogenies

are not strongly influenced by gene selection (Figures 2B and

2C). Similarly, sequential removal of fast-evolving sites did not

influence RB paraphyly or the sister relationship between SAL

and CONThreeP, suggesting that these topologies are not

biased by long branch attraction (Figure 2D). However, the exact

relationship between P. metchnikoffi and spirotrichs aside from

L. macfarlandi was dependent on gene sampling and site

removal, making this placement tentative (Figures 2B–2D) but

not in any way consistent with a monophyletic RB.

Characterization of the Replication Envelope in
P. metchnikoffi

Phylogenomics analyses indicated that the RB had been lost in

P. metchnikoffi or that previous studies had failed to observe it.

To discern between these possibilities, we investigated nuclear

morphology in P. metchnikoffi using a variety of cytological tech-

niques that have been used to observe the RB in other species.

In agreement with previous work, staining with methyl green-

rhodamine B (Figure 3A), Feulgen (Figure 3B), and Protargol (Fig-

ure 3C) did not reveal an RB in P. metchnikoffi. We next sought to

visualize replication directly using EdU (5-ethynyl-20-deoxyuri-
dine) incorporation followed by Cy3-azide labeling. As a positive

control, Cy3-EdU labeling and Hoechst staining were applied to

the spirotrich Euplotes sp. and revealed a fluorescent pattern

characteristic of the RB, where the nuclear regions through

which the band had passed exhibited Cy3 fluorescence consis-

tent with replicated DNA (Figures 3D and 3E). Cy3-EdU labeling

in P. metchnikoffi also distinguished replicated DNA but showed

an alternative pattern where fluorescence appeared initially

throughout the nuclear periphery before progressing inward to-

ward the nuclear interior in a single concerted wave (Figures

3F–3I, Figures 4A–4C; Figure S2). Re-evaluation of the Protargol

staining preparations revealed cells with a comparable nuclear
(B and C) The proportion of phylogenomic jackknives (12 gene subsamples, n =

(D) Non-parametric bootstrap support (n = 500) for given topologies following rem

Tree.

Spiro, Spirotrichia; P. m, P. metchnikoffi; L. m, L. macfarlandi; N. o, Nyctoth

P. metchnikoffi and Table S1 for a list of datasets used in the phylogenomics an
structure, suggesting that these observations are independent

of staining procedures (Figure 3C). Unlike the RB, the replication

envelope lacked defined or stratified structures (i.e., the FZ and

RZ were not observed). Similarly, replication appeared to initiate

globally at the nuclear envelope, contrasting with the focality

observed with the RB. To distinguish this from a canonical RB,

we called this a replication envelope.

Transport and Cytoskeleton-Related Genes Are
Associated with the Function of the RB and DNA
Replication
Given the divergence between the canonical spirotrich RB and

the replication envelope of P. metchnikoffi, we next sought to

leverage RBparaphyly to identify genes that could be associated

with its structure and function. In particular, we hypothesized

that the differential presence/absence and expansion/duplica-

tion rates of protein families between related lineages with and

without the RB may suggest functional relatedness. To this

end, we clustered proteins from diverse ciliate genomics and

transcriptomics datasets into protein families (orthologous

groups) and compared the frequency of proteins within each

family (Table S1). Of the 37,318 protein families examined, 406

and 23 were found to be enriched or depleted in RB-containing

clades, respectively (p < 0.05, permutation test, n = 10,000) (Fig-

ure 5A; Table S2). Of those, 186 enriched families were found in

L. macfarlandi and themodel spirotrichO. trifallax, which had, on

average, 1.8 and 2.7 times more homologs per family compared

with P. metchnikoffi. Consistent with this, principal-component

analysis based on differentially present families produced

discernible RB-containing and RB-lacking species clusters (Fig-

ure 5B), and the RB-association analysis produced distinct re-

sults compared with a spirotrich association analysis (Figure S3).

Functional annotation andGeneOntology (GO) analysis of pro-

tein families enriched in RB-containing lineages revealed an as-

sociation with functions such as ion transport and regulation of

the cytoskeleton (Figure 5C; Table S3). For example, biological

processes such as cellular ion homeostasis (GO: 0006873; p <

13 10�6), ion transport (GO: 0006811; p = 13 10�3.19), and regu-

lation of transport (GO: 0051049; p = 1 3 10�3.10) were signifi-

cantly enriched because of the prevalence of calcium trans-

porters (e.g., polycystin-2, sodium/calcium exchangers, and

calcium channels) (Figures 5C and 5D; Figure S4A). Moreover,

genes involved in cytoskeletal organization (e.g., GO: 0007010;

p = 13 10�2.10), including nuclear distribution protein homologs,

which regulate nuclear microtubules,38 and gelsolin repeat pro-

teins, which are calcium-dependent actin regulators,39 were

also correlatedwith theRB (Figures 5Cand5D; FigureS4B; Table

S2). Other functions, including responses to chemicals (GO:

0042221; p = 1 3 10�2.39) and histone modifications (GO:

0016570, p = 1 3 10�1.30) were also enriched because of the

presence of proteins containing, for example, cyclic AMP/guano-

sine monophosphate (GMP) phosphodiesterase domains and

acetylated lysine-binding bromodomains, respectively (Figures
58) that recovered a paraphyletic RB (B) and individual tree topologies (C).

oval of the fastest-evolving sites as inferred using the LG+F+R8 model in IQ-

erus ovalis. See Figure S1 for morphological details of L. macfarlandi and

alysis.
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Figure 3. P. metchnikoffi Exhibits a Unique DNA Replication Morphology

(A) Methyl green-rhodamine B stain of P. metchnikoffi, showing the anterior and posterior lobes of the macronucleus (black and white asterisks, respectively),

several micronuclei (black arrows), and the contractile vacuole (white arrow).

(B) P. metchnikoffi after Feulgen stain for DNA, showing the macronucleus (asterisk) with many small nucleoli (black arrowheads) and multiple micronuclei (white

arrowheads).

(C) P. metchnikoffi (ventral view, probable early S phase, cf. Figure 3H) showing a putative replication envelope (black arrows), one micronucleus (white

arrowhead), and the adoral zone of ciliary membranelles (white arrow).

(D) Euplotes sp. in early S phase stained with Hoechst 33342, showing RBs (white arrowheads) at each end of the macronucleus. Nucleoli (black arrowheads)

appear as small lucencies.

(E) Same cell as in Figure 3D after a 13-h pulse with EdU and Cy3-azide labeling. RBs (white arrowheads) advance in front of regions with EdU-labeled replicated

DNA (black asterisks). The unreplicated DNA is unlabeled (white asterisk).

(legend continued on next page)
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5C and 5D). In agreement with the biological process terms, mo-

lecular functions, including transmembrane transporter activity

(GO: 0022857; p = 1 3 10�3.60), enzyme binding (GO: 0019899;

p = 1 3 10�2.62), cytoskeletal protein binding (GO: 0008092; p =

1 3 10�1.47), and phosphatase activity (GO: 0016791; p = 1 3

10�1.49), were also connected to RB-related proteins (Table S3).

Given the correlative nature of the preceding analysis, the list

of RB-associated protein families naturally contains some fam-

ilies that are enriched in RB-containing species but not function-

ally related to the RB. To investigate which of these RB-associ-

ated proteins are required for RB function, we used RNA

interference (RNAi)-induced gene knockdown and assessed

cell cycle states as well as RB progression and morphology in

the model spirotrichO. trifallax. We selected 10 of the most high-

ly enriched protein families (p < 1 3 10�5) (Figure 5D; Table S2),

most with functions related to significant GO terms, and gener-

ated RNAi constructs capable of knocking down expression of

all RB-associated paralogs for each group (for a total of 64 pro-

teins knocked down). Compared with the non-specific RNAi,

knockdown of a positive control, the essential S phase-initiating

protein CDC6, significantly decreased the proportion of cells

with RBs (Figure 6A), and when bands were observed, CDC6

RNAi resulted in impaired RB progression (measured as the dis-

tance of the RB from its origin divided by the length of the nuclear

lobe) and altered RBmorphology where the FZ andRZwere diffi-

cult to discern (Figures 6B and 6C). This confirmed that at least

serious cell cycle and DNA replication defects can be detected

by the experimental system. Knockdown of protein families iden-

tified as correlating with RBs confirmed that several are required

for normal DNA replication and cell cycle progression: protein

families 280 (polycystin calcium transporter), 1,006 (sodium/cal-

cium exchanger), and 12,334 (nuclear distribution protein)

demonstrated a decrease in the proportion of cells exhibiting

RBs (Figure 6A). Knockdown of 280 also resulted in altered RB

morphology comparable with knockdown of CDC6, and deple-

tion of 12,334 appeared to impair band progression (Figures

6B and 6C). Knockdown of families 1,008 (EF-hand calcium

binding protein) and 2,113 (no annotation) increased the propor-

tion of cells exhibiting RBs (Figure 6A). Depletion of 1,008 also

coincided with altered band progression and morphological dis-

crepancies; specifically, the FZ was often thicker and more

clearly defined than in the wild type, whereas knockdown of

2,113 had no apparent effect on band movement or appearance

(Figures 6B and 6C). Depletion of protein families 259, 482,

1,120, 1,197, and 1,336 did not result in significant phenotypic

changes, which might indicate that they are not involved in the

RB but could equally reflect technical limitations of the RNAi

screen (e.g., insufficient knockdown, dose dependence,
(F) Low-magnification view of P. metchnikoffi cells labeled with Hoechst 33342 (bl

various stages of S phase (white arrows) and one non S-phase cell (black arrow

(G) P. metchnikoffi macronucleus (larger anterior lobe) in early S phase showing

rounding the relatively lucent central volume of unreplicated DNA. The posterior l

beginning to replicate DNA.

(H) Progression of the replication envelope (white arrowheads) toward the center

(black arrowheads) are visible only within regions of replicated DNA.

(I) Completion of macronuclear DNA replication. The replication envelope has dis

nucleoplasm. Micronuclei (black arrowheads) appear to be completing S phase.

Scale bars: 100 mm (F), 25 mm (A–C and G–I), and 10 mm (D and E). (G)–(I) show th

merged fluorescent micrographs of P. metchnikoffi during early S phase.
redundancy, or lack of precision). Overall, these results confirm

the prediction that RB-associated proteins, particularly

those comprising families 280, 1,008, 2,113, and 12,334, are

important for DNA replication, RB structure and function, or

both.

DISCUSSION

Despite the central importance of DNA replication, nuclear ge-

nomes exhibit a variety of mechanisms that regulate how the

genome is duplicated. However, regardless of the mechanism,

the function of the system is conserved, and divergent cases

can offer unique perspectives into how genome duplication is

achieved. In the case of spirotrich ciliates, the fragmentation of

the genome into hundreds of thousands of small, single-gene

chromosomes alleviates the common problem of quickly repli-

cating large chromosomes (which generally require multiple

replication origins) but elevates the challenge of ‘‘bookkeeping.’’

The spirotrich macronucleus contains so many chromosomes

that ensuring they are all replicated once and only once likely re-

quires a novel degree of control over the spatial organization of

DNA replication, manifested in the RB.

The P. metchnikoffi replication envelope shows that motile

DNA replication systems are evolutionarily malleable, but it

probably evolved from a more canonical RB. This is likely

because phylogenomic analyses indicate that the last common

ancestor of all spirotrichs, including P. metchnikoffi, contained

an RB. Moreover, both motile DNA replication systems adhere

to the core function of moving the DNA replication zone

through the nucleus in a spatially and temporally coordinated

fashion so that the replication status of any chromosome is

evident simply by its physical location in the nucleus. At a finer

scale, other similarities between the RB and envelope are

evident. In the RB, the DNA replication hub progresses length-

wise along the axis of the macronucleus as replication proceeds

radially from the nuclear envelope toward the interior (Figure 1).23

Accordingly, the replication envelope may reflect a loss of this

lengthwise movement along the axis of the macronucleus.

Given the relative simplicity of the replication envelope, it is

also tempting to speculate that this system could reflect a

reversion to the ancestral state of the RB. However, Cy3-EdU la-

beling in spirotrich relatives, including armophoreans and litos-

tomateans, which similarly lack RBs but contain nanochromo-

somes, has been inconclusive, limiting ancestral character

reconstruction.

Regardless, identification of the replication envelope in

P.metchnikoffi provides an opportunity to exploit natural diversity,

which may facilitate mechanistic dissection of motile DNA
ue, top) and after an 18-h pulse with EdU (green, bottom), showing three cells in

).

the very thin peripheral envelope of replicating DNA (white arrowheads) sur-

obe (asterisk) is out of the focal plane. Micronuclei (black arrowheads) are also

of the macronucleus as the volume of unreplicated DNA diminishes. Nucleoli

appeared, and nucleoli (white arrowheads) are now distributed throughout the

ree cells from the same slide at 300-ms exposure time. See also Figure S2 for

Current Biology 31, 66–76, January 11, 2021 71



Figure 4. Confocal Fluorescence Imaging of the Replication Enve-

lope in P. metchnikoffi

(A–C) Confocal imaging montages of three separate cells.

(A) Early S phase.

(B) Slightly later S phase than in (A).

(C) Completed S phase.

Scale bars, 50 mm; step size, 0.5 mm.
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replication systems. Based on this, we identified a number of pro-

tein families that were significantly enriched in RB-containing spe-

cies and hypothesize that many of these proteinsmay be involved
72 Current Biology 31, 66–76, January 11, 2021
in the lengthwise progression of the RB (as opposed to being

involved in motile DNA replication systems in general because of

the presence of the replication envelope in P. metchnikoffi). RNAi

knockdown corroborated this for many proteins by demonstrating

their requirement for normal S phase progression, RBmovement,

or morphology. The overrepresentation within these protein

families of calcium transporter paralogs and cytoskeletal regula-

tors, such as calcium-influenced gelsolin repeat proteins and

nuclear distribution protein homologs, alludes to an overall

mechanismwherebycalciumsignalingwaves trigger translocation

of the band along a nuclear cytoskeleton. A role of calcium waves

in band progression has indeed been hypothesized previously,26

and the spirotrich nucleus has also been shown to possess

calcium-dependent contractility40 and RB sensitivity to cyclic

AMP (cAMP)-phosphodiesterase and calmodulin inhibitors.41

Additionally, transmission electron microscopy studies have

identified the presence of 10-nm non-chromatin filaments that

run through the FZ in Euplotes eurystomus.42 A comparable

mechanism was recently described in human fibroblasts, where

G-protein-coupled receptor signaling and calcium release trigger

linear F-actin polymerization radially from the inner nuclear

membrane toward the nuclear interior.43 Furthermore, nuclear

actin dynamics have been implicated in DNA replication control

and regulation of other nuclear processes, partly through enzyme

relocalizationandclustering.44–47 Thisnotonlyargues for the feasi-

bility of calcium-dependent motility driving spatial and temporal

coordination of a DNA replication system but also suggests that

the RB could be a derivation of a broadly conserved eukaryotic

nuclear trait. Congruent with this, the protein family enrichment

analysis indicated that RB innovation is largely a product of gene

duplication.

Ultimately, the spirotrich ciliates provide a unique case from

which functional, regulatory, and evolutionary insights into the

nature of DNA replication systems can be derived. Although

motile DNA replication systems are currently perceived to be

a ciliate-specific trait, the flexibility of these systems, as

observed in P. metchnikoffi, and the mechanistic similarities

to processes observed in human cells,43 suggest that related,

perhaps morphologically subtler systems may exist in other eu-

karyotes. This work also highlights the potential for the RB to

serve as a model to not only dissect the consequences of repli-

cation timing but the mechanisms underpinning DNA replica-

tion and the nuances defining nuclear organization and

regulation.
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Figure 5. Comparative Genomics Identify RB-Associated Protein Families

(A) Scatterplot depicting themedian number of homologs per protein family for clades containing and lacking the RB. Significantly enriched and depleted families

are denoted in blue and red, respectively (p < 0.05, permutation test, n = 10,000).

(B) Principal-component analysis based on the number of homologs in enriched and depleted protein families for taxa included in the analysis.

(C) Semantic similarity-based scatterplot generated using REVIGO that displays significant gene ontology (GO) terms for RB-associated protein families following

summarization. Point color and size are dependent on the p value (permutation test, n = 100,000) and the frequency of the GO term in UniProt.

(D) Heatmap displaying the frequency of the 26most highly enriched RB-associated protein families (p < 13 10�5, permutation test, n = 10,000) across examined

taxa that had representation from L. macfarlandi and O. trifallax. The phylogeny at the top is based on Figure 2, and abbreviated species names can be found at

the bottom. Protein identifiers and functional annotations are listed on the right and left, respectively. Protein families highlighted in bold were further examined

with RNAi (Figure 6).

See Figure S3 for a comparable analysis identifying spirotrich-associated protein families and Figure S4 for lists and distributions of protein families with GO

annotations relating to ion homeostasis and cytoskeletal organization. See also Tables S2 and S3 for the complete set of RB-associated protein families and GO

terms, respectively.
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Figure 6. RB-Associated Protein Families Are Required for DNA Replication and Cell Cycle Progression

(A) The proportion ofO. trifallax cells with RBs following RNAi knockdown of specified protein families (n = 3 biological replicates). For each replicate, an average

of 238.7 cells were observed (151–325, standard deviation = 37.4). Error bars represent 95% confidence intervals, and significance was calculated usingWelch’s

t tests.

(B) RB progression in cells following RNAi knockdown of specified protein families. Progression was calculated as the distance of the RB from the nuclear pole

divided by the total length of the nuclear lobe. For each RB-containing cell, progression within a single lobe was measured. Significance was assessed using

Levene’s test and Kolmogorov-Smirnov (KS) tests for variance and distribution equality, respectively.

(C) Fluorescence micrographs taken following DAPI staining, showing representative RB morphology in cells treated with RNAi. Scale bar, 50 mm. The targeted

protein families are labeled on the bottom of each plot along with the non-specific control RNAi with which samples were compared. The corresponding protein

functions are listed in Figure 5D.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli RNAi feeding strain Caenorhabditis

Genetics Center

HT115

Klebsiella sp. for feeding O. trifallax 15 N/A

Chemicals, Peptides, and Recombinant Proteins

1,4-Dithiothreitol (DTT) Invitrogen Cat#80204

Acetic acid Fisher Scientific Cat#A38S-500

Ampure XP beads (for Smart-Seq2) Beckman Coulter Cat#A63881

Ascorbic acid (C6H8O6) Sigma Cat#A0278

Betaine (for Smart-Seq2) Sigma Cat#61962

Copper(II) sulfate hydrate (CuSO4 $ 5H2O) Sigma Cat#209201

DAPI (40,6-diamidino-2-phenylindole) Sigma Cat#D9542

dNTP mix (for Smart-Seq2) Fermentas Cat#R0192

EdU (5-Ethynyl-20-deoxyuridine) Lumiprobe Cat#10540

Ethanol 99.5% (vol/vol) (for Smart-Seq2) Kemethyl Cat#SN366915-06

Euparal Microscope Slide Mounting Medium Hempstead Halide N/A

First-strand buffer (for Smart-Seq2) Invitrogen Cat#18064-014

Glutaraldehyde 25% (OCHCH2CH2CH2CHO) Electron Microscopy Sciences Cat#16220

Hoechst 3342 (bisBenzimide H 33342 trihydrochloride) Sigma Cat. No.14533

IPTG (Isopropyl b- d-1-thiogalactopyranoside) Sigma Cat#I6758

KAPA HiFi HotStart ReadyMix (2x) (for Smart-Seq2) KAPA Biosystems Cat#KK2601

Magnesium chloride (for Smart-Seq2) Sigma Cat#M8266

Methanol Fisher Scientific Cat#A412P-4

Osmium tetroxide 2% Electron Microscopy Sciences Cat#19152

Phusion High-Fidelity PCR Master Mix with HF Buffer New England Biolabs Cat#M0531S

Protargol (silver proteinate) see comment in Method

Details

Polysciences Cat#01070

Recombinant ribonuclease inhibitor (for Smart-Seq2) Invitrogen Cat#10777019

SacII New England Biolabs Cat#R0157S

Sulfo-Cyanine3 azide Lumiprobe Cat#A1330

Superscript II reverse transcriptase (for Smart-Seq2) Invitrogen Cat#18064-014

T4 DNA ligase New England Biolabs Cat#M0202S

Tris (Tris (Hydroxymethyl) Aminomethane) Electron Microscopy Sciences Cat#11720

Triton X-100 Sigma Cat#x100

UltraPure DNase/RNase-free distilledwater (for Smart-

Seq2)

Thermofisher Cat#10977023

XbaI New England Biolabs Cat#R0145S

Critical Commercial Assays

Nextera XT Illumina FC-131-1024

Deposited Data

Phylogenomic dataset This paper https://doi.org/10.5061/

dryad.zcrjdfn83

Protein family clusters This paper https://doi.org/10.5061/

dryad.zcrjdfn83

RNA sequencing reads This paper NCBI SRA SRR12376981-

SRR12376982

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Transcriptome assemblies This paper https://doi.org/10.5061/

dryad.zcrjdfn83

Experimental Models: Organisms/Strains

Chlamydomonas reinhardtii CC-125 mt+ https://www.chlamycollection.org/

product/cc-125-wild-type-mt-137c/

137c

Licnophora macfarlandi This paper N/A

Oxytricha trifallax JRB310 15 N/A

Parastichopus californicus This paper N/A

Phacodinium metchnikoffi This paper N/A

Oligonucleotides

50–AAGCAGTGGTATCAAC GCAGAGTACT30VN-30 48 Oligo-dT30VN

50–AAGCAGTGGTATCAACG CAGAGT–30 48 IS-PCR oligo

50–AAGCAGTGGTATCAACGCAGAGT

ACATrGrG+G–30
48 TSO

Recombinant DNA

RNAi constructs This paper https://doi.org/10.5061/

dryad.zcrjdfn83

RNAi expression vector backbone 49 Addgene L4440 (#1654)

Software and Algorithms

BLAST 50 http://blast.ncbi.nlm.nih.gov//

blast.ncbi.nlm.nih.gov/Blast.cgi

Diamond 51 https://github.com/bbuchfink/diamond

eggNOG-Mapper 52 https://github.com/eggnogdb/

eggnog-mapper

ETE3 53 https://github.com/etetoolkit/ete

FastQC 54 https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/

FigTree 55 https://beast.community/figtree

Gene ontology enrichment script This paper https://doi.org/10.5061/dryad.zcrjdfn83

InterproScan 56 https://github.com/ebi-pf-team/interproscan

IQ-Tree 57 http://www.iqtree.org/

MAFFT 58 https://mafft.cbrc.jp/alignment/

software/

Map2Slim https://github.com/owlcollab/

owltools/wiki/Map2Slim

N/A

MCL 59 https://micans.org/mcl/

PEAR 60 https://github.com/tseemann/PEAR

PhyloBayes 61 http://www.atgc-montpellier.fr/phylobayes/

Protein family association script This paper https://doi.org/10.5061/dryad.zcrjdfn83

RAxML 62 https://cme.h-its.org/exelixis/web/

software/raxml/

REVIGO 63 http://revigo.irb.hr/index.jsp?error=expired

SCaFoS 64 https://megasun.bch.umontreal.ca/

Software/scafos/scafos.html

Transdecoder 65 https://github.com/TransDecoder/

TransDecoder/wiki

trimAl 66 http://trimal.cgenomics.org/

Trimommatic 67 http://www.usadellab.org/

cms/?page=trimmomatic

Trinity 68 https://github.com/trinityrnaseq/

trinityrnaseq/wiki
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nicholas

Irwin (nickatirwin@gmail.com).

Materials Availability
All materials used in this study including cultures, plasmids, and other reagents are available from the authors upon request.

Data and Code Availability
The accession numbers for the sequence data reported in this paper are Short Read Archive: SRR12376982, SRR1237681. Tran-

scriptome assemblies, phylogenomic datasets, protein family clusters, RNAi construct sequences, and analysis scripts, including

those used to conduct protein family association and gene ontology analyses, are available from Dryad (Dryad: https://datadryad.

org/stash/dataset/doi:10.5061/dryad.zcrjdfn83) or from the authors upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Phacodinium metchnikoffi

Phacodinium metchnikoffi was isolated from soil percolates from a grass lawn at Julia Davis Municipal Park in Boise, Idaho, USA

(43�36’22.7’’N 116�11’43.2’’W, elev. 816 m) on 22 November 2017. Enriched non-clonal cultures were established in a medium

composed of 10% v/v soil extract (1% w/v sterile commercial garden soil boiled in distilled water for 10 minutes, filtered with Grade

102 filter paper after cooling, and then autoclaved and buffered through the addition of 0.5 g K2HPO4/L [2.9 mM]) in 0.22 mm filtered

site water with a rice grain added to support growth of bacteria as food for the ciliates. Cultures weremaintained at room temperature

(about 19.4�C) out of direct sunlight and sub-culturing was performed once weekly. The population was verified as P. metchnikoffi

according to morphological characteristics69 and a partial 18S rRNA gene sequence that was > 99 % identical to P. metchnikoffi

(GenBank: AJ277877).33

Licnophora macfarlandi

Licnophora macfarlandi was collected from the respiratory trees of the California sea cucumber (Parastichopus californicus) as

described previously.31 The body wall of the sea cucumber was opened and the respiratory trees were transferred to a Petri dish

and inspected for the presence of L. macfarlandi. Cells were flushed from the host tissue using filtered sea water and isolated using

a glass micropipette. The identity of L. macfarlandi was confirmed based on morphology, the host species, and a partial 18S rRNA

gene which was > 99% identical to L. macfarlandi (GenBank: AF527758).31

Oxytricha trifallax

Oxytricha trifallax (strain JRB310) was cultured in Pringsheim media (0.11 mM Na2HPO4, 0.08 mM MgSO4, 0.85 mM Ca(NO3)2,

0.35 mM KCl, pH 7.0). at 20�C on a 12:12 hour light:dark cycle in disposable Petri dishes.70,71 Cultures were fed daily with variable

amounts of Chlamydomonas reinhardtii (typically around 0.05 OD600/mL) that had been washed with Pringsheim media. Every sec-

ond day, Klebsiella sp., that had been cultivated overnight, was added to the cultures (1:1,000 of the culture volume) and the media

was transferred to a fresh dish. Chlamydomonas reinhardtii (strain CC-125) was cultured in rich media (12 mM NaCH3COOH, 0.1%

(w/t) beef extract, 0.2% tryptone, 0.2% yeast extract, and 0.07 mM CaCl2$2H2O), sub-cultured every second day, and fed to

O. trifallax three days post-inoculation.

METHOD DETAILS

RNA-sequencing and transcriptome assembly
Phacodinium metchnikoffi and L. macfarlandi cells were isolated manually using drawn glass micropipettes, washed three succes-

sive times in 0.22 mm-filtered water, and placed in 2 mL of cell lysis buffer (0.2% Triton X-100 and RNase inhibitor).48 RNA was ex-

tracted and cDNAwas synthesized frompools of 10 cells according to the Smart-Seq2 protocol.48 cDNA quantificationwas achieved

using a Qubit 2.0 fluorometer and library assembly was conducted using a Nextera XT DNA library preparation kit. Libraries gener-

ated from P. metchnikoffi and L. macfarlandi cDNA were sequenced on an Illumina MiSeq using either 250 or 300 bp paired-end

reads.

Raw paired-end Illumina reads were merged using PEAR v0.9.6 and read quality was assessed with FastQC.54,60 Adapters and

low-quality regions were removed using Trimmomatic v0.36 prior to de novo transcriptome assembly using Trinity v2.4.0.67,68 Bac-

terial contamination was identified and removed by comparing transcriptome contigs to UniProt reference proteomes using Diamond

BLASTx (e-value < 1x10�25).51,72 Proteins were then predicted with TransDecoder v5.1.0 following BLASTp searches against the

SWISS-PROT database.50,65,73 The genetic codes selected for translation were based on information provided in the NCBI (National

Center for Biotechnology Information) Taxonomy database (http://www.ncbi.nlm.nih.gov/Taxonomy).
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Phylogenomic dataset assembly
In order to generate a phylogenomic dataset encompassing ciliate diversity, ciliate transcriptomes and genomes (Table S1) were

searched for a set of 263 homologs that have been used previously to reconstruct the phylogeny of alveolates and eukaryotes in gen-

eral.74,75 Previously curated protein sequences, derived from a diversity of eukaryotes, were used as queries for BLASTp searches (e-

value < 1x10�20, query coverage > 50%) against databases of transcriptomic and genomic protein predictions.74 The resulting hits

were combined with the original protein sequences and single gene phylogenies were generated in RAxML v8.2.11 using the PROT-

GAMMALG model and 100 rapid bootstraps following alignment with MAFFT L-INS-i v7.222 and subsequent trimming with trimAl

v1.2 using a gap threshold of 80%.58,62,66 Paralogs and contaminants were identified and removed manually after visually inspecting

the phylogenies in FigTree v1.4.2.55 The curated alignments were then filtered to remove those with less than 60%of species present

and the remaining 231 alignments were concatenated in SCaFoS v1.2.5.64 The final concatenation comprised 231 proteins spanning

73,533 amino acid sites from 52 taxa.

Phylogenomic tree building and analysis
Maximum likelihood (ML) phylogenies were generated from the concatenated alignment in IQ-Tree v1.5.5 using either the free-rate

heterogeneity model, LG+F+R8, as selected based on Bayesian information criteria in ModelFinder, or the empirical profile mixture

model, LG+C60+F+G4.57,76,77 Statistical support was assessed using both non-parametric bootstrap (n = 1,000, LG+F+R8) and ul-

trafast bootstrap pseudoreplicates (n = 1,000, LG+F+R8 and LG+C60+F+G4).57,78 Bayesian analyses were conducted using Phylo-

Bayes MPI v1.4 using the GTR matrix with the CAT infinite mixture model and four gamma rate categories after the removal of con-

stant sites.61 Four MCMC chains were run for at least 10,000 generations with every second tree saved. Chain convergence was

assessed in PhyloBayes using a burn-in of 20%.

Topology robustness was assessed using alignment jackknifing and fast site removal to test for gene sampling bias and long

branch attraction, respectively. Proteins comprising the concatenated alignment were randomly sampled without replacement to

generate 12 gene concatenations (5% of the 231 genes, n = 58) from which ML phylogenies were generated using IQ-Tree v1.5.5

and the LG+F+R8 substitution model.57 Topologies were inspected in FigTree v1.4 and the frequencies of recovering a paraphyletic

replication band, the best tree, and other topological variations were assessed.55 Moreover, site-specific rates were calculated

across the 231 gene alignment using IQ-Tree v1.5.5 and the fastest sites were removed in 10% increments. Following fast site

removal, ML phylogenies and non-parametric bootstraps (n = 500) were calculated in IQ-Tree v1.5.5.57 Bootstrap support for the

paraphyly of the replication band and the sister relationship between SAL and CONThreeP as well as P. metchnikoffi and previously

sampled spirotrichs was assessed using ETE3.53

Comparative genomics and gene ontology
To identify RB-associated homologs, we first compared all proteins predicted from ciliate transcriptomes and genomes (Table S1) to

one another using BLASTp (e-value < 1x10�5, query coverage3 50%).50 With the resulting comparison, we clustered proteins into

orthologous groups (protein families) using the Markov clustering (MCL) algorithm with an inflation value of 1.4.59 Clusters only con-

taining proteins from a single species were discarded. To identify protein families that were significantly associated with the RB, we

calculated the median number of homologs within each protein family for clades with (Spirotrichs, L. macfarlandi) and without the RB

(P. metchnikoffi, Nyctotherus ovalis, Litostomatids, CONThreeP, Protocruziaea, and Postciliodesmatophora), and then in RB con-

taining and lacking groups, generally. For each protein family, the difference in the median count between groups with and without

the RB was then examined, and significance was assessed using two-sided permutation tests with a test distribution generated by

randomizing the families 10,000 times by randomly sampling ciliate proteins without replacement. Proteins within enriched families

(p < 0.05), that had representation from O. trifallax and L. macfarlandi, were subsequently annotated using InterproScan v5.36,

eggNOG-Mapper v2, and BLASTp (e-value < 1x10�5, maximum target sequences = 1) in combination with Pfam, EggNOG, and

SWISS-PROT databases, respectively.50,52,56,73,79,80 Protein annotation was achieved by assigning the predominant annotation

from the constituent proteins to the group as a whole. Principal component analysis was conducted in R using differentially present

protein families that had representation in O. trifallax and L. macfarlandi. Importantly, these RB-associated protein families are only

correlated with the RB and must be experimentally validated to demonstrate a functional connection with the RB itself (see the RNAi

analyses detailed below).

To explore functional enrichments among RB-associated proteins, gene ontology (GO) terms were assigned to individual proteins

using eggNOG-Mapper v2.52,81 GO annotations connected to individual proteins were then related to the protein’s respective family

before being simplified by mapping the terms to the Saccharomyces cerevisiae GO-slim subset using Map2Slim (see https://github.

com/owlcollab/owltools/wiki/Map2Slim). GO enrichment was assessed by comparing the frequency of the terms in RB-associated

families (that contained sequences from O.trifallax and L. macfarlandi) to their frequency across all ciliate protein families. P-values

were calculated using permutation tests wherein the test distributions were produced by generating 100,000 randomized, equally

sized, test sets through random selection of families without replacement. Significantly enriched GO terms (p < 0.05) were summa-

rized and visualized using REVIGO.63

RNAi construct generation and knockdowns
RNAi plasmids were assembled using L4440 vectors and synthesized RNAi constructs.49 RNAi inserts comprised variable numbers

of tandem 100-150 bp fragments with homology to RB-associated paralogs in O. trifallax. Fragment specificity was confirmed using
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BLASTn against O.trifallax coding sequences (no identical matches over 17 bp) and inserts were synthesized by Integrated DNA

Technologies. RNAi constructs capable of knocking down protein families CDC6 (2 paralogs), 259 (12), 280 (11), 482 (13), 1006

(3), 1008 (8), 1120 (6), 1197 (2), 1336 (3), 2113 (9), and 12334 (1) were synthesized (Table S2). These families were selected as

they had association P-values < 1x10�5 and functions related to enriched gene ontology terms (Table S2). The RNAi constructs

were amplified by polymerase chain reaction (PCR) using a high fidelity Phusion polymerase (New England BioLabs, NEB) and SacII

and XbaI restriction sites were integrated at the 50 and 30 ends, respectively. RNAi constructs were inserted into the L4440 multiple

cloning site following digestion with SacII and XbaI and ligation using T4DNA ligase (NEB). The sequence composition of the resulting

RNAi plasmids was confirmed by Sanger sequencing conducted by GeneWiz.

RNAi-expressing bacteria were produced as previously described.82 Assembled plasmids were initially transformed into HT115

Escherichia coli and transformants were inoculated into lysogeny broth (LB) supplemented with ampicilin (100 mg/mL) and tetracy-

cline (10 mg/mL), and grown over night at 37�C. Inoculants were then diluted to 0.02 OD600 in 2xYP media with antibiotics49 and cul-

tures were incubated at 37�C until an OD600 of 0.4 was reached. RNAi-expression was then induced through the addition of 0.4 mM

IPTG (Isopropyl b- d-1-thiogalactopyranoside) and induction was allowed to proceed over four hours. Cultures were harvested by

centrifugation (3000xg for 10 minutes) and washed twice with Pringsheim media before being resuspended to an OD600 of 4.0 in

Pringsheim media containing 2% glycerol. Prior to storage at �20�C, E. coli were heat killed following a five minute incubation at

65�C.
Feeding-based RNAi knockdowns were performed on O. trifallax by diluting stationary cultures to 2,000 cells/mL before growing

them as described above with a reduced amount of C. reinhardtii (�95% reduction) and the addition of RNAi expressing E. coli. Cul-

tureswere slowly acclimatized to the presence ofE. coli over three days by sequentially increasing the amount ofE. coli in the cultures

daily from an OD600 of 0.02, to 0.035, and finally to 0.05. After three days of pre-treatment, the cultures were again diluted to 2,000

cells/mL and each subsequent day, RNAi-expressing E. coli was added to 0.05 OD600. After 36 hours, during log-phase growth,

O. trifallax cultures were collected for RB analysis. Cultures were concentrated by centrifugation at 200xg for 2 minutes prior to

the addition of 0.2 mg/mL DAPI (40,6-diamidino-2-phenylindole). After a 10minute incubation, the cells were fixed with 10% 3:1meth-

anol:acetic acid and were stored at room temperature in the dark. Replication band presence and morphology were inspected using

a Zeiss Axioplan 2 microscope fitted with an X-Cite120LED fluorescence illuminator and micrographs were acquired using a Sony

A7RIII digital camera attached with an LMScope digital SLR universal adaptor. Replication band progression was measured in Im-

ageJ and was calculated as the distance between the nuclear pole and the RB divided by the total length of the nuclear lobe. Band

progression was measured in one nuclear lobe from each RB-containing cell.

Light microscopy and protargol staining
The morphology of living and protargol-impregnated cells of Phacodinium metchnikoffi (see Figure S1E–N) were examined under an

Olympus BX51 microscope equipped with a Canon EOS 6 digital camera and cell measurements were made using an ocular micro-

meter. Differential interference contrast (DIC) and brightfield illumination (BF) were used to observe living and protargol-impregnated

cells, respectively. For protargol staining, the following protocol was employed: Cells were selected with micropipettes under the

dissecting microscope, fixed in 10% v/v formalin (final concentration about 4 –5%) for 15 min, washed with tap water, placed in a

few drops of 1% Mayer’s albumin (1:1 egg albumin:glycerol), dropped on glass slides, and air-dried for at least 2 h. Dried slides

were submerged in 95% isopropanol, 70% isopropanol, and tap water in staining jars for 5 min each. Slides were then placed in

0.2% potassium permanganate for 2 min, washed in tap water for 30 s, followed by 3 min in 2.5% oxalic acid then transferred to

tap water for two 3 min soaks followed by 3 min in distilled water. Washed slides were then placed in pre-warmed 0.4% protargol

solution (Polysciences) at 60�C in a warming oven for 20 min (Note: Since 2013, protargol effective in the impregnation of ciliates

is no longer commercially available. Commercial vendors may still offer ‘‘Strong Protargol’’ or ‘‘Protargol-S’’ which are ineffective

for the demonstration of the ciliature. If stocks of an effective older product are unavailable, a protocol for synthesis of protargol effec-

tive for ciliate impregnation has been published83). Dieckmann’s acetone developer was added to several drops of warm protargol on

the slides to differentiate the ciliature and development was controlled under a compoundmicroscope. When sufficiently developed,

the slides were promptly washed in tap water for 15 s and then placed in 2.5% Na2S2O3 for 3 s before being washed for 5 min in tap

water, dehydrated for 10 min in both 70% and 100% isopropanol, and finally mounted in euparal (Hempstead Halide Inc.).

Scanning electron microscopy
For scanning electron microscopy, cells were selected under the dissecting microscope, fixed for 30–60 min (1% osmium tetroxide

and 2.5% glutaraldehyde), and thoroughly washed at least three times in tap water under the dissecting microscope to remove

debris. Cells were then placed in a small drop on 10 mmplankton net filters in custom-made brass chambers.84 Cell containing cham-

bers were subsequently transferred through a graded ethanol series (30%, 50%, 70%, 95%, 100%, 100% for 5 min each) for dehy-

dration, and then processed in an EMS 850 critical point dryer. Dried cells were scattered onto adhesive carbon tabs on aluminum

and sputtered with gold (argon pressure 0.15 Pa, energy 6–8 mA, ten 90 s sputtering exposures between 60 s rests) in a manual

sputter coater (Agar Scientific). Processed samples (see Figure S1O–S) were examined using an SU3500 scanning electron micro-

scope (Hitachi, USA) at an accelerating voltage of 10 kV in the secondary electron imaging mode.
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Fluorescence microscopy and EdU labeling
To label cells with EdU (Invitrogen), cells were grown in 3mL of medium to log phase in sterile 103 35mm polystyrene culture dishes

(Corning), 1 mL/mL of EdU (20mM) was added to the dish (final EdU conc. 20mM) and dishes were left for the desired interval (2–48 hr)

before selecting cells under the stereomicroscope for labeling with sulfo-Cy3-azide (Lumioprobe). Cells were collected in the wells of

glass depression-slides before being washed three times in 0.22 mm-filtered EdU-free medium. Washed cells were then fixed for

15 min in 10% formalin, washed once in 100 mM Tris buffer, and then placed in fresh Tris for 5 min. Tris was removed and replaced

with 0.01% Triton X-100 for 10 min to permeabalize the cells. The cells were then washed three times in tap water and the Cy3-la-

beling mixture was prepared (See notes below). Water was removed leaving cells in as small a volume as possible, before the cells

were incubated in the dark for 30 min after the addition of 200 mL of labeling solution. Following the incubation, cells were washed

three times and then stained with 0.5 mg/mL Hoechst 33342 (Sigma Aldrich) for 5 min. After staining, the cells were washed three

times in tap water, and several drops of 1% Mayer’s albumin were added before the cells were dropped onto clean glass slides

and air-dried for at least 2 hr in the dark. Lastly, slides were dehydrated and mounted as in the protargol staining protocol. Slides

were examined with a Zeiss Aksioskop 2 plus epifluorescence microscope with a 100x oil immersion objective (N.A. 1.3) and Zeiss

filter sets 20HE and 01 for Cy3 andHoechst 3342, respectively. Imageswere takenwith a Flex CCD camera (Diagnostic Instruments).

Confocal fluorescent microscopy was done using a Zeiss LSM 510Meta confocal imaging system using a rhodamine laser line (exci-

tation 543 nm/emission 560 nm) and a Plan-Apochoromat 63X (N.A. 1.4) oil immersion objective (X-Y voxel size 0.8 mm, Z voxel size

0.5 mm).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical support for phylogenies was obtained using 1,000 non-parametric bootstraps (using the LG+F+R8 substitution model),

1,000 ultrafast bootstraps (using the LG+C60+F+G4 and LG+F+R8 models), and Bayesian posterior probabilities calculated after

at least 10,000 generations (GTR+CAT model, four chains, chain bipartition discrepancies: max differencert = 0.175857, mean dif-

ference = 8.373 10�4) (Figure 2A). Non-parametric bootstrap support for clades following fast site removal was calculated from 500

non parametric bootstraps using the LG+F+R8 substitution model (Figure 2D). Statistical support for the correlation between protein

families and defined phenotypes was assessed using permutation tests and 10,000 permutations (Figure 5A; Figure S3A) whereas

gene ontology enrichment was assessed using 100,000 permutations (Figure 5C; Figures S3C and S3D). Principal component

analyses were conducted in R (Figure 5B; Figure S3B). Comparisons between replication band prevalence following RNA interfer-

ence were made usingWelch’s t tests (n = 3, where each biological replicate represents the proportion of cells with replication bands

assessed from an average of 238.7 cells (151-325, standard deviation = 37.4)) (Figure 6A). Replication band progression (Figure 6B)

was compared between RNA interference treatments using both Levene’s tests and Kolmogorov-Smirnov (KS) tests for variance and

distribution equality, respectively (sample size is denoted in Figure 6B, where each replicate represents a single measured cell. Cell

measurements were pooled from three biological replicates (see Figure 6A)).
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