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Abstract

The emergence of robust single-cell ‘omics techniques enables studies of uncultivable species, allowing for the (re)discovery of

diverse genomic features. In this study, we combine single-cell genomics and transcriptomics to explore genome evolution in

ciliates (a> 1 Gy old clade). Analysis of the data resulting from these single-cell ‘omics approaches show: 1) the description of

the ciliates in the class Karyorelictea as “primitive” is inaccurate because their somatic macronuclei contain loci of varying copy

number (i.e., they have been processed by genome rearrangements from the zygotic nucleus); 2) gene-sized somatic

chromosomes exist in the class Litostomatea, consistent with Balbiani’s (1890) observation of giant chromosomes in this

lineage; and 3) gene scrambling exists in the underexplored Postciliodesmatophora (the classes Heterotrichea and

Karyorelictea, abbreviated here as the Po-clade), one of two major clades of ciliates. Together these data highlight the

complex evolutionary patterns underlying germline genome architectures in ciliates and provide a basis for further exploration

of principles of genome evolution in diverse microbial lineages.

Key words: genome evolution, single-cell genomics, single-cell transcriptomics, epigenetics, Ciliophora.

Introduction

Although genomes are often described as being conserved

within species, a plethora of data demonstrate their inherently

dynamic nature (Parfrey et al. 2008; Oliverio and Katz 2014;

Maurer-Alcal�a and Katz 2015). In eukaryotes, examples of

dynamic genomes include the separation of germline and

somatic genetic material, and variation throughout life cycles

(such as changes in ploidy or DNA content during develop-

ment; Parfrey et al. 2008; Maurer-Alcal�a and Katz 2015).

These changes are often regulated by epigenetic mechanisms

that are involved in analogous (and perhaps homologous)

processes among anciently diverged lineages of eukaryotes

(Matzke and Mosher 2014; Rogato et al. 2014; Maurer-

Alcal�a and Katz 2015), which has led to the hypothesis that

such mechanisms existed in the last common ancestor of ex-

tant eukaryotes (Zufall et al. 2005; Parfrey 2008; Oliverio and

Katz 2014; Maurer-Alcal�a and Katz 2015).

Dynamic genomes, including the separation of germline

and somatic DNA into distinct nuclei, are present in ciliates,

an ancient clade of predominantly single-celled eukaryotic

microorganisms. Unlike multicellular organisms, where germ-

line (i.e., gametic) and somatic (i.e., leaves, hyphae, muscle)

genomes are in distinct cell types, the germline micronucleus

(MIC) and somatic macronucleus (MAC) share a common

cytoplasm in ciliates (Raikov 1982; Prescott 1994). As in other

eukaryotes, both the germline and somatic genomes
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differentiate from a zygotic nucleus after sex (conjugation in

ciliates). However, the development of a new somatic ge-

nome includes complex epigenetically guided processes (i.e.,

large-scale genome rearrangements, DNA elimination, chro-

mosome fragmentation, de novo telomere addition, and

chromosome amplification; Wang and Blackburn 1997;

Heyse et al. 2010; Chalker and Yao 2011; Bellec and Katz

2012; Xu et al. 2012; Chen et al. 2014; Huang and Katz

2014; Cheng et al. 2016; Fuhrmann et al. 2016; Hamilton

et al. 2016; Gu�erin et al. 2017; Maurer-Alcal�a et al. 2018).

Molecular studies of germline-soma differentiation in cili-

ates are largely limited to a few cultivable “model” ciliates—

Oxytricha trifallax (Swart et al. 2013; Chen et al. 2014),

Paramecium tetraurelia (Aury et al. 2006; Arnaiz et al. 2012;

Gu�erin et al. 2017), and Tetrahymena thermophila (Eisen et al.

2006; Hamilton et al. 2016). All of these models fall within the

“Intramacronucleata” (referred to as the Im-clade for this

study), which is one of the two major clades of ciliates

(fig. 1). The other major clade, the “Postciliodesmatophora”

(referred to as the Po-clade), shares a common ancestor with

the model ciliates over 1.0 Ga (see Fig. 2 in Parfrey et al. 2011;

Eme et al. 2014; Vd’a�cn�y 2015). Yet, the Po-clade remain

largely undersampled for genome features.

Arguably, one of the most notable differences among the

model ciliates is the dramatic variation in somatic genomic

architecture: ciliates can be grouped into those with “long”

versus “nano” sized somatic chromosomes. In the models T.

thermophila and P. tetraurelia (Class Oligohymenophorea),

the somatic chromosomes are “large” (by ciliate standards)

being on an average 100’s of kilobases to�1–2 megabases in

length, lack centromeres (Aury et al. 2006; Eisen et al. 2006)

and are substantially gene-rich (�60–80% of their length

composed of open reading frames). By contrast, the somatic

genome of O. trifallax (Cl: Spirotrichea) is predominantly com-

posed of �16,000 unique “nano-chromosomes,” most of

which contain a single ORF (ranging from <1 kb to �66 kb;

Swart et al. 2013). Prior to our work, evidence for the phylo-

genetic distribution of somatic nano-chromosomes was lim-

ited to only three ciliate classes: Spirotrichea, Armophorea,

and Phyllopharyngea (e.g. Riley and Katz 2001; fig. 1).

In addition to variable chromosome size among ciliate

somatic genomes, there are differences in patterns of chro-

mosome copy number. For example, in Tetrahymena thermo-

phila, each of its 225 unique somatic chromosomes is

maintained at �45 copies in the somatic nucleus (Doerder

et al. 1992; Eisen et al. 2006). In the ciliates Chilodonella

uncinata and Oxytricha trifallax, both with nano-sized somatic

chromosomes, the macronuclei contain millions of chromo-

somes maintained at variable but heritable copy numbers

(Heyse et al. 2010; Bellec and Katz 2012; Xu et al. 2012;

Huang and Katz 2014). The range of copy numbers of

these chromosomes can span multiple orders of magnitude

from several hundred to >50,000 (Bellec and Katz 2012;

Xu et al. 2012; Huang and Katz 2014). Current data suggest

that differential chromosome amplification is limited to those

ciliates with macronuclear nano-chromosomes (fig. 1; Heyse

et al. 2010; Bellec and Katz 2012; Xu et al. 2012; Huang and

Katz 2014).

Ciliates in the Po-clade represent two presumed extremes

in genome architecture. Ciliates in the Heterotrichea are often

very large (some species are > 1 mm in length) with corre-

spondingly large somatic nuclei that contain from �1,000 to

>13,000 times more DNA than their germline nuclei

(Ovchinnikova et al. 1965; Wancura et al. 2017). The other

class, Karyorelictea, can be of similar sizes yet often have nu-

merous clusters of somatic nuclei with relatively low DNA

content (�1.1–12 times more DNA in their somatic nuclei;

reviewed in Yan et al. 2017). Based on this observation,

Karyorelictea are the only group of ciliates to be described

as paradiploid (i.e., nearly diploid) and their name (karyo ¼
nucleus; relictea—relict) suggests a primitive state (Kovaleva

and Raikov 1978; Bobyleva et al. 1980; Raikov 1982, 1985;

Raikov and Karadzhan 1985; Yan et al. 2017).

Karyorelictean ciliates have been described as primitive

based on three features: 1) relatively simple ciliature, 2) un-

usually low DNA content (“paradiploid,” or nearly diploid;

Kovaleva and Raikov 1978; Raikov and Karadzhan 1985;

Yan et al. 2017), and 3) the inability to divide their macro-

nuclei during asexual divisions, which has only been described

in members of this class (Raikov 1985, 1994; Yan et al. 2017).

Molecular phylogenies place the Karyorelictea sister to the

Heterotrichea (i.e., the Po-clade), inconsistent with the idea

that this lineage represents the ancestral state for ciliates

(e.g. Gao and Katz 2014; Gao et al. 2016). We use qPCR to

FIG. 1.—Summary of general ciliate features demonstrates large gaps

in knowledge for many ciliate classes and indicates data generated in this

manuscript in blue. Absence of available data is denoted as “–.” Germline

(Germ) genomes are denoted as either scrambled (Sc) or non-scrambled

(NS). Somatic genomes (Soma) are marked as either extensively frag-

mented (EF) or non-extensively fragmented (NEF). Similarly, copy number

variation (CNV) of chromosomes containing protein coding genes are in-

dicated as variable (V) or approximately equal (�). The lineages in the Po-

clade (Po) are highlighted by red. The remaining ciliate classes are found in

the Im-clade (Im).
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estimate chromosome copy number to address the putative

paradiploidy of Karyorelictea.

The complex processing underlying development of so-

matic nuclei from zygotic nucleus in ciliates relies on the elim-

ination of germline-limited DNA (i.e., internally eliminated

sequences; IESs) and the accurate “assembly” of functional

somatic regions (i.e., macronuclear-destined sequences;

MDS). The removal of IESs during the development of the

somatic genome is analogous to intron-splicing during

mRNA maturation, though IES excision occurs within the

DNA (Jönsson et al. 2009; Wahl et al. 2009; Allen and

Nowacki 2017). The organization of MDS/IES in germline

genomes falls into two major categories: scrambled and non-

scrambled (Prescott 1994; Ardell et al. 2003; Möllenbeck et al.

2006; Wong and Landweber 2006; Chen et al. 2014;

Maurer-Alcal�a et al. 2018). We define non-scrambled

germline loci as those with MDSs that are on the same

DNA strand and joined in “order” during DNA elimination

in ciliates (fig. 5A). By contrast, scrambled germline loci are

characterized by MDSs being found on opposing DNA strands

and/or in nonconsecutive order (fig. 5B). Germline scrambling

has only been documented in the Phyllopharyngea and

Spirotrichea clades (fig. 1; Ardell et al. 2003; Wong and

Landweber 2006; Katz and Kovner 2010; Chen et al. 2014;

Gao et al. 2015; Maurer-Alcal�a et al. 2018).

The details on germline genome architecture and the trans-

formations that underlie the development of the somatic ge-

nome have largely been studied in only three classes of ciliates

(Oligohymenophorea, Phyllopharyngea, and Spirotrichea;

fig. 1). Taking advantage of single-cell genomics and tran-

scriptomics technologies, we explore the genomes of

Blepharisma americanum (Heterotrichea, Po-clade), several

Loxodes species (Karyorelictea; Po-clade), the large Bursaria

truncatalla (Colpodea, Im-clade) and voracious predatory cili-

ate Didinium nasutum (Litostomatea, Im-clade), capturing a

deep (>1.0 Gy) divide between the Im and Po clades (fig. 1;

see Fig. 2 in Parfrey et al. 2011). We present insights into

genome evolution from these nontraditional models, which

FIG. 2.—Relative chromosome copy numbers for members of the Po-clade show contrasting patterns of high copy number but stochasticity in

Blepharisma and variable but repeatable copy number in Loxodes. Expected plots of chromosome copy number for Blepharisma americanum (A) and

Loxodes spp. (C) are based on previous studies. The observed variable copy number for B. americanum (B) is consistent with the expected results for both the

population sample (pop-DNA) and the three individuals (WGA). However, for all four Loxodes spp. individuals (WGA-1/2 and WGA-3/4 representing two

distinct morphospecies), the observed chromosome copy number (D) deviates substantially from the expected copy numbers (C). “*” indicate relative

chromosome copy number values less than three.
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demonstrate a greater diversity of genomic architectures than

we expected from the literature.

Materials and Methods

Ciliate Culturing and Isolation

Blepharisma americanum, Bursaria truncatella, and Didinium

nasutum cultures were ordered from Carolina Biological

Supply whereas Loxodes spp. were collected from a small

pond in Hawley Bog (Hawley, MA; 42�350N, 72�530W) by

collecting water at the sediment-water column interface.

From these wild-caught Loxodes spp., we observed two dom-

inant morphospecies which we used for our analyses in this

study. Cultures of B. americanum were maintained in filtered

pond water with a sterilized rice grain to support bacterial

growth. For isolation, individual cells were picked from cul-

tures and then washed through a series of dilutions with fil-

tered pond or bog water to dilute any contaminating bacteria

and microeukaryotes that may have been carried over with

the cell.

Total DNA Extraction

For Blepharisma americanum, �1,300 cells were collected on

a 10-mm filter and rinsed thoroughly with filtered pond water.

DNA extraction from the filter was done using the ZR Soil

Microbe DNA MiniPrep kit (Zymo Research, catalog number

D6001) following the manufacturer’s instructions. The eluted

gDNA was stored at �20�C prior to the qPCR analyses per-

formed, described below.

Single-Cell Whole Genome Amplification

For whole genome amplification (WGA), each washed cell was

placed into a minimal volume of media in an individual sterile

0.2 ml tube containing 1ml of molecular grade water. For each

morphospeciesthiswasdoneintriplicate.Cell lysisandgenome

amplification were then carried out following the manufac-

turer’s instructions (Qiagen; Repli-g Single Cell Kit, catalog

number 150343). Of the resulting WGA products, we selected

themost robustproducts (e.g.,with thebestamplificationplots

over time) for high-throughput sequencing and subsequent

use in our analyses. In the end, we used a single WGA product

for B. americanum, B. truncatella, and D. nasutum. For the two

distinct Loxodes spp. morphospecies, several WGAs were pro-

duced, although only two WGA products for each of the mor-

phospecies were used in our study. Of Loxodes WGAs, only a

portion of a single WGA product for each morphospecies was

used for high-throughput sequencing, but all four products

were used for the qPCR analyses in this study (detailed below).

Single-Cell Whole Transcriptome Amplification

For the morphospecies with successful whole genome ampli-

fications, freshly isolated (and washed) individual cells of the

same morphospecies were placed in a minimal volume of

their media in individual sterile 0.2 ml centrifuge tubes con-

taining 1ml of molecular grade water. The whole transcrip-

tome amplification (WTA) reactions for each of the cells

followed the manufacturer’s protocols (Clontech; SMART-

Seq v4 Ultra Low Input RNA Kit, catalog number 634888)

adjusting all volumes to 1=4 reaction volumes. For B. ameri-

canum, five WTA products were prepared, three of which

were from “typical” individuals from a log-phase culture

and the remaining two from “giant” individuals with obvious

signs of predation on other B. americanum (e.g., bright red

vacuoles). For B. truncatella, D. nasutum, and each of the two

morhospecies of Loxodes, two WTA products from

“vegetative” individuals (e.g., no apparent signs of conjuga-

tion, division, or gigantism) were used for downstream anal-

yses. Overall 13 WTA products were sequenced and used in

this study.

Library Preparation, Genome and Transcriptome
Sequencing

Libraries of the amplified WGAs and WTAs were constructed

using the Nextera XT DNA Library Preparation kit, following

the manufacturer’s instructions (Illumina). The prepared librar-

ies were sequenced at the IGM Genome Center at University

of California at San Diego on a portion of a single channel of a

HiSeq4000. For Loxodes spp., WGA and WTAs were also later

sequenced at the IGS Genome Resource Center at the

University of Maryland on a portion of a single channel of a

HiSeq4000.

Genome and Transcriptome Assembly

The raw reads from all data sources were processed using

BBDuK (sourceforge.net/projects/bbmap/ (last accessed

January 2018); Bushnell 2015) with a minimum quality

score of 24 and minimum length of 120 bp. Single-cell

genomes were assembled with SPAdes (v3.10.0;

Bankevich et al. 2012) using the single-cell and careful

parameters. For Loxodes spp. WGAs, we pooled the raw

reads by morphospecies prior to assembly as they had

been resequenced at a later date. All single-cell transcrip-

tomes were assembled individually using rnaSPAdes, which

is part of the SPAdes package, using default parameters.

Prior to the single-cell genome assembly of Bursaria trunca-

tella, trimmed read pairs were mapped against the P. tet-

raurelia genome (CAAL00000000), the dominant food

source in the culture, using BBDuK. Those pairs that

remained unalignable to the P. tetraurelia genome were

then used for the B. truncatella genome assembly.

Post-Assembly Preparation of Transcriptome Data

A suite of custom python scripts was used to process

the transcriptomic data generated from our single-cell

Maurer-Alcal�a et al. GBE
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WTAs (github.com/maurerax/KatzLab/tree/HTS-Processing-

PhyloGenPipeline). In brief the processing includes: 1) the

removal of contaminating rRNAs and bacterial transcripts;

2) the identification of putative ORFs from the transcripts; 3)

the removal of transcripts of near identity (>98% nucleo-

tide identity) across �70% of their length to larger tran-

scripts. For all of our taxa, the pooling of “redundant”

transcripts was performed after we concatenated the as-

semblies by taxon, resulting in a single “core” transcriptome

for each.

Identification of Telomeric Repeats

Prior to the identification of potential telomeric repeats from

the taxa whose genomes, we partially sequenced, we also

downloaded the genomes of Entodinium caudatum, Stentor

coeruleus, and Condylostoma magnus (NBJL00000000,

MPUH00000000, and CVLX00000000, respectively) from

GenBank. These additional taxa were downloaded as they

represent the only currently available large-scale genomic

data from the same classes of ciliates to those in our studies

(with the exception of B. truncatella and Loxodes spp. as no

genomic data for members of the Colpodea and

Karyorelictea, respectively, was publicly released). For all of

the genome assemblies, we isolated the first and last 30 bp

of every scaffold. These scaffold ends were run through

MEME (v4.11.4; Bailey et al. 2009) twice to evaluate the pres-

ence (or absence) of repetitive motifs, once without shuf-

fling the sequences of the scaffolds’ ends and the second

time with random shuffling of the sequences. Putative telo-

meric ends (e.g., significant motifs that were not found in

the “shuffled” run of MEME) were only found for Stentor

coeruleus, Didinium nasutum, and Entodinium caudatum.

Afterwards, we used custom python scripts and these

potential telomeric repeats to identify and extract scaffolds

that were capped on both ends with telomeric repeats

(allowing for a single mismatch; github.com/maurerax/

KatzLab/tree/SingleCellGermSoma).

Evaluation of Putative Germline Genome Scaffolds

Genomic scaffolds of the taxa we sequenced in this study that

were not capped by telomeric repeats were used to identify

putative germline loci that may have been amplified by the

WGA reaction (given its previously demonstrated ability to

amplify portions of the germline genome in ciliates; Maurer-

Alcal�a et al. 2018). For the identification of putative germline

genome scaffolds and identification of germline-soma archi-

tecture, we used previously outlined protocols (Maurer-Alcal�a

et al. 2018). Briefly, this includes identification of ORF-poor

genomic scaffolds, alignment of transcripts to those scaffolds

and evaluation of common signatures of germline-soma

architectures found in other ciliates.

Evaluation of Germline Genome Architecture

After identifying a set of putative germline (micronuclear)

scaffolds from Blepharisma amercianum, Bursaria truncatella,

and a single Loxodes sp. (due to poor assembly of the second

morphospecies; fragmented and strong signatures of con-

tamination), we used BLAST (v2.4.0; Camacho et al. 2009),

with parameters of “-ungapped -perc_identity 97 -outfmt 6 -

word_size 25,” to map each taxon’s transcriptomic data to its

germline scaffolds. Custom python scripts (github.com/maur-

erax/KatzLab/tree/SingleCellGermSoma) analyzed the output

from BLAST and categorized the loci and transcriptome data

into three broad categories: nonscrambled, scrambled, and

unmapped. Based on data from a previous study exploiting

single-cell genomics and transcriptomics for analyses of germ-

line architecture, we also only used germline loci where

�60% of the length of a transcript was successfully mapped

for subsequent analyses.

As a precaution to ensure that these loci were more likely

germline than soma (which often comprised a substantial

proportion of the overall initial genome assembly), we ex-

plored the portions of the mapped transcripts that repre-

sented alignment boundaries with the genome assembly

(e.g., genome assembly limited DNA). To be considered a

true putative germline sequence these boundaries must not

be nearly identical to the canonical GT-YAG intron–exon

boundaries. Similarly, to characterize the genomic-loci as be-

ing germline (e.g., harboring an IES), the genome-limited

DNA must be flanked by identical pointer sequences that

are present at these mapped–unmapped boundaries.

Quantitative PCR

Quantitiave real-time PCR (qPCR) was used to estimate pat-

terns of gene copy number in Loxodes spp. and Blepharisma

americanum. Ten-fold serially diluted plasmids (1 to 10�7

ng/ll) containing gene fragments of interest were prepared

andused togenerate the standardcurve foreachgene.Primers

were designed using sequences obtained from both the WGA

and WTA products (supplementary table S3, Supplementary

Material online) of B. americanum and Loxodes spp. The

DyNAmo Flash SYBR Green qPCR kit (Fisher Scientific) was

used for all quantitative PCR experiments in 96-well plates on

an ABI StepOnePlus thermal-cycler. Reactions were conducted

in a final volume of 20ll, containing 10ll 2�master mix,

150 nM of each primer, 1ll of template DNA (at 1 ng/ll),

and 8ll of water. qPCR of each targeted gene fragment and

WGA sample was performed in triplicate for each experiment.

Each experiment was replicated 2 times. To estimate the copy

number of chromosomes (copies/ng per cell), we divided the

copy numbers of each cell (copies/ml per cell) by the concen-

tration of the WGA (X ng/ml). To mitigate the potential impact

of genome amplification on absolute copy number (and allow

comparisons between species), we estimated the relative copy

number for each gene of interest by setting the nSSU-rDNA

Twisted Tales GBE
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copy number to 1�106 while maintaining the genes’ copy

number ratio to the nSSU-rDNA locus.

Statistical Analyses

All statistical analyses were performed using R (Team 2017).

For qPCR data, we used a mixed effects ANOVA evaluating

patterns of copy number abundance between and within cells

for both B. americanum and Loxodes spp.

Code Availability

All custom python scripts used in this study are available from:

github.com/maurerax/KatzLab/tree/SingleCellGermSoma and

github.com/maurerax/KatzLab/tree/HTS-Processing-PhyloGen

Pipeline.

Results and Discussion

Differential Chromosome Amplification in the Po-Clade

We explore patterns of somatic chromosome copy number

in the Po-Clade, focusing on the genera Blepharisma

(Heterotrichea) and Loxodes (Karyorelictea), to test whether

either of these ciliates differentially amplifies somatic chromo-

somes. In fact, many eukaryotes extensively amplify extra-

chromosomal copies of their ribosomal RNA genes (e.g.

Sinclair and Guarente 1997; Zufall et al. 2005; Cohen et al.

2008), so we compare the nuclear small subunit ribosomal

RNA gene (nSSU-rRNA) to several protein coding genes. We

analyze chromosome copy number using DNA isolated from a

population of �1,300 Blepharisma americanum individuals

(pop-DNA) and compare this to copy number estimates

from three individual B. americanum following whole genome

amplification (WGA). Given that we do not find any signifi-

cant bias produced by the WGA reactions, we then use this

single-cell ‘omics approach on the uncultivable genus Loxodes

(Karyorelictea).

In the analyses of both total genomic DNA (pop-DNA) and

single-cell WGA (sc-WGA) of B. americanum, the nSSU-rRNA

gene is characteristically high, with an estimated 2.55� 107

6 8.42�106 copies/ng per cell and 7.90� 107 61.02� 107

copies/ng per cell, respectively. Copy numbers were estimated

from DNA contents of quantitative PCR (qPCR) results and

were adjusted to per ng per cell. Estimates of copy numbers

for protein coding genes between the different preparations

of Blepharisma (pop-DNA and sc-WGA) are similarly consis-

tent, ranging from 1.18�106 6 4.38�104 copies/ng per cell

and 8.45�105 6 1.14�105 copies/ng per cell (for one a-

tubulin paralog). The least abundant of the protein coding

genes from the total gDNA and single-cells are 9.77�104 6

2.41�104 copies/ng per cell and 6.06�102 6 2.87�102

copies/ng per cell for EF-1a and an a-tubulin paralog, respec-

tively (supplementary table S1, Supplementary Material

online).

To compare relative abundances across taxa, we set the

nSSU-rRNA copy number to 106 (a value based on evidence

from diverse ciliates; Heyse et al. 2010; Gong et al. 2013;

Huang and Katz 2014). We find that the relative copy num-

bers for chromosomes containing protein coding genes (two

paralogs of Actin and a-Tubulin, and EF-1a) in B. americanum

span �2 orders of magnitude (fig. 2B) with the exception of

actin paralog 2, which is consistently at low copy number

across all samples (P¼ 0.093 from an ANOVA). Despite

greater variability in absolute copy numbers from the popu-

lation of cells (pop-DNA) compared with the individual cells,

we observe no significant biases between methods (total pop-

DNA vs. single-cell WGA; P¼ 0.474 from a Kruskal–Wallis

test; fig. 2B). In other words, the sc-WGA method can be

used to assess patterns of individual chromosome copy num-

bers because this method yields the same results as studies of

a population of cells.

We then deployed the same methods (qPCR after single-

cell WGA) to study the uncultivable genus Loxodes in the

“paradiploid” class Karyorelictea, which is predicted to have

�2 copies of every protein coding gene (Raikov 1982; Yan

et al. 2017). We performed a similar qPCR experiment using

five genes (nSSU-rRNA, EF-1a, Actin, Rs11, and a-Tubulin)

from sc-WGAs of wild-caught individuals of Loxodes, repre-

senting two distinct species based on rRNA gene diversity

(supplementary table S2, Supplementary Material online). As

we only have relative numbers here, we again set the nSSU-

rRNA gene to 106 copies to allow comparison of patterns of

chromosome copy numbers. By contrast to the stochastic

patterns of chromosome copy number in B. americanum,

the differences in copy number among protein coding genes

in Loxodes spp. consistently spanned a far greater range with

the highest being Actin at �2.87�104 copies relative to the

rRNA gene and the lowest being EF-1a at �4.39�10�1 cop-

ies/ng per cell (�4 orders of magnitude; supplementary table

S2, Supplementary Material online and fig. 2D). We observe

significant differences in gene copy number within each cell of

Loxodes spp. (P�0.05), implicating the differential amplifica-

tion of chromosomes. For both of the Loxodes species, gene

copy numbers are maintained in a mostly conserved order:

nSSU-rRNA 	 Actin > Rs11 > a-Tubulin > EF-1a (fig. 2D),

which contrasts with the stochastic pattern in Heterotrichea.

The contrasting pattern of stochasticity in chromosome

copy number in B. americanum and the predictability in chro-

mosome number in Loxodes spp. likely reflects differences in

genome architecture of their somatic nuclei. The macronuclei

of Blepharisma house large quantities of DNA and possess the

ability to divide by amitosis, while Loxodes spp.’ macronuclei

are DNA poor and do not divide with cell division (Raikov

1982; Katz 2001; Yan et al. 2017). The stochasticity in chro-

mosome copy number for Blepharisma may be a byproduct of

the massive genome amplification that occurs during devel-

opment (Santangelo and Barone 1987), as the somatic nu-

cleus is estimated to have >1,000� more DNA than the
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germline nucleus (Ovchinnikova et al. 1965; Wancura et al.

2017). Variable chromosome copy number among individuals

is likely an inherent feature of Blepharisma and its relatives (in

the class Heterotrichea; fig. 1), exemplified by Stentor coeru-

leus, whose chromosome copy numbers of the nSSU-rDNA

are clearly correlated to cell size (Slabodnick et al. 2017) and

likely nuclear volume (Cavalier-Smith 1978). This suggests

that the observed stochasticity from our measurements is

likely the result of biological differences (e.g., cell volume or

life-cycle stages; fig. 2A and B).

Although Loxodes spp. are found in the sister class to B.

americanum (both in the Po-clade), Loxodes and its relatives

have long been considered as “primitive” ciliates (Raikov

1985, 1994; Raikov and Karadzhan 1985; Orias 1991). This

presumption arose from early studies that found that the so-

matic macronucleus is unable to divide (instead needing to be

differentiated from a germline nucleus with each cell division;

reviewed in Yan et al. 2017) as well as from estimates of DNA

content based on autoradiographic measurements from the

somatic and germline nuclei of Loxodes and its relatives

(Kovaleva and Raikov 1978; Bobyleva et al. 1980). From these

early measurements, where the somatic nuclei typically har-

bor only �1.1 to �12 times the amount of DNA compared

with the germline nuclei, karyorelictid lineages were labeled

as paradiploid (“nearly-diploid”). This has led to the expecta-

tion that the relative copy number among protein-coding

genes would be approximately equal in this class of ciliates

(fig. 2C). Such low ploidy is unusual among ciliates. For ex-

ample, ploidy is species-dependent and ranges from�45 N in

Tetrahymena thermophila (Woodard et al. 1972) to�800 N in

Paramecium tetraurelia (Duret et al. 2008) and an average of

�2,000 N in the differentially amplified nano-chromosomes

in Oxytricha trifallax (Swart et al. 2013).

Surprisingly, our data demonstrate that Loxodes spp. is nei-

ther paradiploid nor are all chromosomes equally amplified.

Our estimates of relative chromosome copy number show

that instead of being present in roughly equal abundance,

chromosomes containing our target genes differ by several

orders of magnitude (fig. 2C and D). Though nondividing

macronuclei in Loxodes spp. (and other members of the class

Karyorelictea) age over time (at most seven generations;

Raikov 1982, 1985, 1994; Yan et al. 2017), we do not believe

aging alone is sufficient to explain our data as the replicability

of estimates across cells suggests heritable differences in copy

number (from 2 to >1,000 copies). These copy number data

suggest that the long-held description of Loxodes spp. as

“primitive,” based upon DNA content estimates and the in-

ability to divide their macronuclei, is inaccurate.

Unexpected Extensive Fragmentation of Somatic Genomes
from the Im-Clade

Extensive fragmentation of chromosomes into gene-sized

“nano-chromosomes” during the development of somatic

macronuclei is well documented in only three ciliate classes

(e.g., in Chilodonella uncinata [cl: Phyllopharyngea; McGrath

et al. 2007], Oxytricha trifallax [cl: Spirotrichea; Swart et al.

2013], and Nycotherus ovalis [cl: Armophorea; McGrath et al.

2007; Ricard et al. 2008]; fig. 1). We searched for evidence of

extensive fragmentation in the class Litosomatea (Im-clade;

fig. 1), analyzing a single-cell WGA assembly for Didinium

nasutum and the recently released genome assembly of

Entodinium caudatum (a distantly related member of the

same class). We evaluated the ends of scaffolds for both D.

nasutum and E. caudatum to look for telomeres as no record

of telomeres has been reported for members in this class. This

approach resulted in a common repetitive motif in both taxa,

C4A2T. As telomeric sequences seem well conserved over

broad phylogenetic scales in ciliates (Aury et al. 2006; Eisen

et al. 2006; McGrath et al. 2007; Swart et al. 2013;

Aeschlimann et al. 2014), this simple repeat may be specific

to Litostomatea.

To assess the size distributions of somatic chromosomes, we

used the telomeric motif to identify scaffolds bounded by

repeats at both ends (e.g., complete assembled chromosomes)

for both D. nasutum and E. caudatum. To our surprise, we

identified 328 complete nano-chromosomes in D. nasutum’s

telomere-bound scaffolds and 7,560 complete chromosomes

from the released E. caudatum genome assembly (figs. 3 and 4;

supplementary fig. S1 and supplementary data 1 and 2,

Supplementary Material online). Although the nano-

chromosome estimates are very disparate among D. nasutum

and E. caudatum, previous work has demonstrated the bias in

the genome amplification reaction against ciliate nano-

chromosomes, which may be present in genome assemblies

as “by-catch” (Maurer-Alcal�a et al. 2018) and which account

for the order of magnitude difference between Didinium and

Entodinium. To further check that these were not simply as-

sembly artefacts, we mapped transcripts from single D. nasu-

tum individuals to the pool of 328 putatively complete nano-

chromosomes (i.e., those with telomeres on each end). Of

these 328 chromosomes, 254 (77.4%) harbor a single ORF

and overall 316 (96.3%) of the chromosomes are actively tran-

scribed as evidenced in the single-cell transcriptomes. As no

transcriptome data are publicly available for E. caudatum, we

used more relaxed conditions (e.g., chromosomes with�50%

identity and align to �50% of the translated ORF) to map

5,692 translated ORFs from our D. nasutum transcriptome to

5,293 (70.0%) of E. caudatum’s complete chromosomes.

Having demonstrated the presence of nano-chromosomes

in the D. nasutum and E. caudatum genome assemblies, we

determined that the size range of these complete chromo-

somes are nearly identical for both, ranging from �0.4 kb to

�26 kb, despite differences in the methods used to obtain the

genomic data (e.g., use of sc-WGA techniques for D. nasutum

and more traditional DNA isolation approaches used for E.

caudatum; supplementary fig. S1, Supplementary Material

online). However, previous work using pulsed-field gel
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FIG. 3.—Distribution of chromosome lengths among diverse lineages reveals unexpected presence of nano-chromosomes in Didinium nasutum and

Entodinium caudatum. Representative images of each taxon are next to their names and are not drawn to scale. Tetrahymena thermophila’s germline

chromosomes are noted, whereas the ciliate’s drawing is next to its somatic chromosomes.

FIG. 4.—Exemplar chromosomes harboring a-tubulin from diverse ciliates highlights the unusual ciliate genome architecture. Telomere sequences

bound complete ciliate chromosomes, with nonprotein coding regions found in gray, and a-tubulin in blue (orientation of the coding sequence is noted by

arrows). For Entodinium caudatum, we found a single nanochromosome with two divergent a-tubulin genes which are noted by differences in the shade of

blue. Black scale bar represents 1 kb.
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electrophoresis of total gDNA from D. nasutum did not report

chromosomes <50 kb (Popenko et al. 2015), which suggests

that the nano-chromsomes may be present at relatively low

copy numbers and/or that the retention of these chromo-

somes is strongly dependent on the DNA isolation

approaches. Comparisons of the size distribution of these

complete chromosomes for D. nasutum and E. caudatum to

genomic data from other ciliates, demonstrate that these

chromosomes’ sizes are consistent with the “gene-sized”

chromosomes found in divergent ciliate taxa (e.g.,

Chilodonella uncinata and Oxytricha trifallax; McGrath et al.

2007; Swart et al. 2013; figs. 3 and 4; supplementary fig. S1,

Supplementary Material online).

The data on nano-chromosomes in the class Litostomatea

are consistent with the 1890 description of giant germline

chromosomes, which are presumably generated through

endoreplication during development of a new macronucleus

(Balbiani 1890). The correspondence between the appear-

ance of giant chromosomes during development and the

presence of nano-sized chromosomes in somatic genomes

has been extensively documented (most notably in

Chilodonella and Stylonychia, classes Phyllopharygnea and

Spirotrichea, respectively; Pyne 1978; Ammermann 1986;

Katz 2001; Riley and Katz 2001; Juranek et al. 2005;

Postberg et al. 2008; Katz and Kovner 2010; figs. 1 and 4).

In these ciliate classes, polytenization occurs just prior to the

extensive genome remodeling that ultimately leads to the for-

mation of the thousands of unique nano-chromosomes

through epigenetically guided DNA elimination, large-scale

genome rearrangements, and de novo telomere addition

(Spear and Lauth 1976; Pyne 1978; Ammermann 1986;

Postberg et al. 2008; Chen et al. 2014; Fuhrmann et al.

2016). The absence of polytenization of germline chromo-

somes from the model ciliates Paramecium tetraurelia and

Tetrahymena thermophila, which possess “large” macronu-

clear chromosomes (ranging from �0.2 Mb to several Mb in

size; Aury et al. 2006; Eisen et al. 2006; fig. 3 and supple-

mentary fig. S1, Supplementary Material online), further

implicates generation of giant chromosomes as being limited

to nano-chromosome formation.

Well over 100 years ago, �Eduoard-G�erard Balbiani, who

provided the original description of polytene chromosomes

in the dipteran Chironomus (Balbiani 1881), described the

presence of polytene chromosomes in the ciliate

Loxophyllum meleagris (also in the class Litostomatea;

Balbiani 1890). Unfortunately, there had been little work

able to corroborate the observations of Balbiani (1890).

However, given the sister relationships between the classes

Litostomatea, Spirotrichea, and Armophorea (“SAL” clade;

Gentekaki et al. 2014; Gao et al. 2016), all of which possess

both nano-chromosomes (Riley and Katz 2001; Ricard et al.

2008; Swart et al. 2013) and giant chromosomes

(Wichterman 1937; Golikova 1965), these unusual genome

architectural features could be a synapomorphy that further

unites these classes within the Im-clade (fig. 1).

Germline Genome Architecture from Diverse Ciliates

Previous studies of germline genome architecture in ciliates

are from even more sparsely sampled lineages than studies of

somatic genomes, with data available from only a few model

species in the classes Oligohymenophorea, Phyllopharyngea,

and Spirotrichea (e.g. Landweber et al. 2000; Nowacki et al.

2008; Arnaiz et al. 2012; Chen et al. 2014; Gao et al. 2015;

Hamilton et al. 2016; Gu�erin et al. 2017; Maurer-Alcal�a et al.

2018). This has largely been a result of the lack of robust

methods for the efficient extraction of high-quality germline

DNA from uncultivable lineages. To overcome these limita-

tions, we use a combination of single-cell genomics transcrip-

tomics and bioinformatics to gain insights into the germline

genome organization of three ciliate taxa, representing mem-

bers of both the Im (Bursaria truncatella; cl: Colpodea) and Po

clades (B. americanum; cl: Heterotrichea and Loxodes sp.; cl:

Karyorelictea; fig. 1) and building on our previous work in C.

uncinata (Maurer-Alcal�a et al. 2018).

To explore the germline genome architecture of three

ciliates, Blepharisma, Loxodes, and Bursaria, we mapped tran-

scripts from single-cell transcriptome assemblies to the respec-

tive germline scaffolds generated by WGA. By following

established methods for characterizing germline scaffolds

(Maurer-Alcal�a et al. 2018), we identified numerous putative

germline scaffolds for all three taxa. We also find several

scrambled germline loci in both B. americanum and Loxodes

sp. (24 and 23, respectively; fig. 5B and supplementary table

S4, Supplementary Material online) as well as non-scrambled

germline loci (15 and 11, respectively; supplementary table

S4, Supplementary Material online). By contrast, we find no

evidence of scrambling among the 162 transcripts mapped in

Bursaria (supplementary table S4, Supplementary Material on-

line). We define non-scrambled loci as those where macronu-

clear destined sequences are maintained in consecutive order

(e.g., “MDS 1—MDS 2—MDS 3”; fig. 5A) while scrambled

loci meet at least one of two criteria: 1) MDSs are present in a

non-consecutive order (e.g., “MDS 2—MDS 3—MDS 1”)

and/or 2) MDSs can be found on both strands of the germline

scaffolds (i.e., some are inverted; fig. 5B).

Our pilot study also reveals that scrambled germline loci in

members of the Po-clade vary from patterns in C. uncinata

and O. trifallax, both of which are members of the

Intramacronucleata. For example, the data on gene scram-

bling in the classes Spirotrichea and Phyllopharyngea (Im-

clade) reveal small MDSs separated by relatively large distan-

ces in the germline genome (Chen et al. 2014; Maurer-Alcal�a

et al. 2018). This is not the case in the germline scaffolds of B.

americanum and Loxodes sp. (Po-clade), where differences in
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the distances between MDSs for both scrambled and non-

scrambled germline loci were insignificant (P¼ 0.301).

Similarly, in both C. uncinata and O. trifallax, scrambled germ-

line loci are composed of a greater number of MDSs than

nonscrambled loci (Chen et al. 2014; Maurer-Alcal�a et al.

2018), yet for both B. americanum and Loxodes sp. nearly

all germline loci (i.e., scrambled and non-scrambled) are com-

posed of only two large MDSs and are most often found on

opposing DNA strands (i.e., inverted; fig. 5B and supplemen-

tary table S4, Supplementary Material online).

The observations from the members of the Po-clade con-

trast with those from Bursaria truncatella (Im clade), whose

last common ancestor with the model ciliates Paramecium

and Tetrahymena was more recent (�800–1,000 Ma; Fig. 2

of Parfrey et al. 2011). We did not find any evidence of scram-

bled germline loci from the mapping of transcriptomic data

back to the putative germline scaffolds for B. truncatella,

with all 162 identifiable germline loci being non-scrambled

(fig. 5A). This suggests that B. truncatella’s germline genome

lacks substantial amounts of gene-scrambling and that the

single-cell genomic methods used here do not introduce false

evidence of scrambling.

Given the absence of germline gene-scrambling in B. trun-

catella, we evaluated the similarity its nonscrambled germline

genome architecture might have by comparison to the model

ciliates Paramecium and Tetrahymena. The germline-limited

IESs present in the B. truncatella germline scaffolds do inter-

rupt the protein-coding domains (fig. 5A), as is the case in

P. tetraurelia (Arnaiz et al. 2012; Gu�erin et al. 2017) but not its

close relative, T. thermophila where the majority of IESs occur

in the intergenic regions (Hamilton et al. 2016). The pointer

sequences for Paramecium tetraurelia and Tetrahymena ther-

mophila, which are involved in aiding the guided genome

rearrangements during development, are redundant and are

often delineated by a terminal “TA” di-nucleotide in

Paramecium and Tetrahymena (Arnaiz et al. 2012; Hamilton

et al. 2016; Gu�erin et al. 2017). Unlike these model ciliates,

the identified pointer sequences from the germlines of B.

americanum, B. truncatella, and Loxodes sp. were unique at

each germline locus. This suggests that the observable

“simple” consensus sequences found in Paramecium and

Tetrahymena are likely to be unique to the

Oligohymenophorea and not a general feature of across the

ciliate phylogeny.

Synthesis

In this study, we use single-cell ‘omics to explore the somatic

and germline genome architectures of diverse ciliates. Our

analyses demonstrate the presence of differential

FIG. 5.—Exemplar cases of ciliate germline genome architecture generated in this study from Bursaria and Loxodes. Left, representative images of

Bursaria truncatella (A) and Loxodes sp. (B) with their germline (solid blue circles) and somatic nuclei (blue-bordered). Right, germline loci are represented as a

single line harboring MDSs (blue-bordered rectangles). All identifiable germline loci from Bursaria truncatella (A) were nonscrambled, whereas for Loxodes sp.

(B) there is a mixture of scrambled and non-scrambled loci (only scrambled shown here). MDSs are numbered according to the order in which they are found

in the soma and the corresponding arrows indicate their directionality in the germline genome. Bottom right scale bar (black) is 300 bp. Scale bar (bottom left

of each ciliate) is 25mm.
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chromosome amplification and some scrambled germline loci

in what has long been considered as a “primitive” class of

ciliates, the Karyorelictea (Loxodes). These data, and those

from their sister class (Heterotrichea, Blepharisma), suggest

that the last common ancestor of ciliates was fairly complex,

with a polyploid somatic nucleus and a complex developmental

life-cycle that may have included un-scrambling of germline

loci. Our analyses support the >100-year-old observations of

Balbiani, who used light microscopy to identify unusual ge-

nome features in ciliates in the class Litostomatea. The interre-

lated insights presented here highlight how the power of

single-cell genomics techniques can be harnessed to critically

evaluate long-standing questions in genome biology, especially

uncultivable lineages.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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