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Yijun Sun1, Alena Zı́ková2 and Laurie K. Read 1,*

1Department of Microbiology and Immunology, University at Buffalo – Jacobs School of Medicine and Biomedical
Sciences, Buffalo, NY 14203, USA, 2Institute of Parasitology, Biology Centre Czech Academy of Science, České
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ABSTRACT

Trypanosoma brucei is a parasitic protozoan that un-
dergoes a complex life cycle involving insect and
mammalian hosts that present dramatically different
nutritional environments. Mitochondrial metabolism
and gene expression are highly regulated to ac-
commodate these environmental changes, including
regulation of mRNAs that require extensive uridine
insertion/deletion (U-indel) editing for their matura-
tion. Here, we use high throughput sequencing and
a method for promoting life cycle changes in vitro to
assess the mechanisms and timing of developmen-
tally regulated edited mRNA expression. We show
that edited CYb mRNA is downregulated in mam-
malian bloodstream forms (BSF) at the level of edit-
ing initiation and/or edited mRNA stability. In con-
trast, edited COIII mRNAs are depleted in BSF by in-
hibition of editing progression. We identify cell line-
specific differences in the mechanisms abrogating
COIII mRNA editing, including the possible utilization
of terminator gRNAs that preclude the 3′ to 5′ pro-
gression of editing. By examining the developmen-
tal timing of altered mitochondrial mRNA levels, we
also reveal transcript-specific developmental check-
points in epimastigote (EMF), metacyclic (MCF), and
BSF. These studies represent the first analysis of the
mechanisms governing edited mRNA levels during
T. brucei development and the first to interrogate U-
indel editing in EMF and MCF life cycle stages.

INTRODUCTION

Trypanosoma brucei is a flagellated, parasitic protozoan
and the causative agent of human African trypanosomia-

sis and one of the parasitic trypanosomes that cause na-
gana in cattle and other domesticated livestock in 36 sub-
Saharan African countries, where over 70 million people are
at risk of infection (1,2). The parasite has a digenetic life
cycle in which it transitions through several developmen-
tal stages, each with distinct cell morphologies and tran-
scriptomic, proteomic, and metabolic profiles (3,4). T. bru-
cei is transmitted to its mammalian hosts by the bite of in-
fected tsetse flies. Infective metacyclic form (MCF) trypo-
mastigotes are injected into the mammalian bloodstream
and subcutaneous tissues when the tsetse fly takes a blood
meal. The shift in temperature and nutritional environment
initiates differentiation from MCF to proliferative, slender
bloodstream form (BSF) trypomastigotes. As the slender
BSF parasites divide and parasitemia increases, a subpop-
ulation of parasites responds to increasing concentrations
of stumpy induction factor by differentiating into the qui-
escent, stumpy BSF (5–8). The stumpy BSF parasites are
unable to revert back to proliferating slender BSF and are
pre-adapted for survival in the tsetse fly insect vector (9–13).
In the tsetse fly midgut, stumpy BSF must rapidly transi-
tion to the proliferative procyclic form (PCF) to survive the
new nutritional environment and insect immune response
(11,14–18). PCF trypomastigotes begin to migrate towards
the salivary glands. During this journey, the PCF differen-
tiates into the epimastigote form (EMF). EMF parasites
attach to the epithelium of the salivary gland and prolif-
erate to colonize the salivary glands. Asymmetrical cell di-
vision of the epithelium-bound EMF generates a daughter
cell that matures into infective, quiescent MCF that are pre-
adapted for survival in the mammalian host (19).

For the parasites to survive in distinct hosts, they modu-
late their metabolism to exploit the various nutrients avail-
able in the mammalian tissues or the tsetse fly. A major com-
ponent of this metabolic shift is the developmental regula-
tion of mitochondrial function. While T. brucei resides in
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the tsetse fly midgut as the PCF, it must survive in a niche
that is deprived of glucose due to the rapid catabolism of
glucose by the tsetse fly (11). Instead, the parasite relies
heavily on proline metabolism to fuel oxidative phospho-
rylation in the mitochondrion (11). As a consequence, the
electron transport chain (ETC) of PCF mitochondria is ro-
bust and resembles the classical ETC found in many other
model eukaryotic organisms (20,21). However, once T. bru-
cei enters into the mammalian bloodstream, it is able to
utilize the high abundance of glucose and, once differen-
tiated to the slender BSF, the parasite relies primarily on
aerobic glycolysis to meet its ATP demand (21–24). This
is coupled with the downregulation of many mitochondrial
functions in BSF, including the lack of cytochromes (25).
Nevertheless, the mitochondrial FoF1-ATP synthase and its
mitochondrially-encoded subunit, ATPase subunit 6 (A6),
are still essential in BSF parasites, where the FoF1-ATP syn-
thase runs in reverse and hydrolyzes ATP to generate mito-
chondrial membrane potential (26).

Similar to other eukaryotes, the T. brucei mitochondrial
genome encodes subunits of several respiratory complexes
of the ETC. However, unlike many other eukaryotes, 12 out
of 18 mitochondrially encoded mRNAs in T. brucei are non-
translatable immediately following their transcription be-
cause they do not encode functional open reading frames
(ORFs) (27–31). To achieve translatable ORFs in these se-
lect mitochondrial mRNAs, uridine residues must be post-
transcriptionally added to or removed from the mRNA
in a complex process called uridine insertion/deletion (U-
indel) mRNA editing. For several mRNAs that are edited
throughout their lengths, termed pan-edited mRNAs, mod-
ification is so extensive that abundant uridine insertions
nearly double the size of the mRNA. The precise num-
ber and position of uridine insertions/deletions is directed
by small guide RNAs (gRNAs) encoded in the mitochon-
drial genome (32,33). These gRNAs are utilized in a se-
quential order by the RNA editing machinery to modify
the mitochondrial mRNA in a 3′-to-5′ direction by an-
nealing with the target mRNA by Watson–Crick and G–
U base pairing (32,33). Catalysis of U-indel editing is exe-
cuted by three RNA editing catalytic complexes (RECCs):
two that catalyze uridine insertion and one that catalyzes
uridine deletion (34–36). Also essential to the editing pro-
cess are the RNA helicase 2 complex (REH2C) and variants
of the non-catalytic RNA editing substrate-binding com-
plex (RESC), which organize and facilitate the dynamic net-
work of mRNA–gRNA, mRNA–protein, gRNA–protein
and protein–protein interactions that characterize the edit-
ing process (27–30,37–49). U-indel editing appears to be a
relatively inefficient process, as the bulk of the steady state
mitochondrial mRNA pool is undergoing editing, and the
resulting partially edited mRNAs typically contain regions
of mis-edited sequence, called junctions, at the leading edge
of the canonically edited region (42).

Because a subset of mitochondrially encoded gene prod-
ucts translated from edited mRNAs is essential in both PCF
and BSF, the process of U-indel editing is also essential
in both life cycle stages (50). Indeed, due to the dramatic
metabolic changes that T. brucei undergoes during its life
cycle, U-indel mRNA editing and the parasite life cycle are
intimately linked. It has been long documented that several

edited mRNAs exhibit remarkable changes in abundance
between PCF and BSF T. brucei, although some discrepan-
cies exist between older data and a more recent study with
regard to specific mRNAs (51–58). Despite this long stand-
ing knowledge, the mechanisms by which the parasite reg-
ulates the accumulation of edited mitochondrial mRNAs
during development remain unknown. The mitochondrial
mRNAs and gRNAs are transcribed in both PCF and BSF,
suggesting that at least one aspect of editing regulation oc-
curs through regulated gRNA utilization, potentially in-
volving interaction of specific gRNAs and/or mRNAs with
the editing machinery (59–62). Protein components of the
mRNA editing machinery are also similarly expressed in
various life cycle stages (63). Subtle differences in the func-
tions of some RECC proteins between PCF an BSF have
been described; however, their contribution to the develop-
mental regulation of editing is not known (35,64,65).

In this study, we revisit the mechanisms underlying the
developmental regulation of edited mRNA abundance in
T. brucei, employing recent advances in our knowledge and
technology. Combining high throughput sequencing (HTS)
with an in-depth, custom bioinformatics tool, we provide
the first comparison of edited mRNA sequences in PCF and
BSF at the single nucleotide level. Examination of these par-
tially edited mRNA sequences in the context of recently re-
ported comprehensive gRNA libraries allows us to assess
patterns of gRNA utilization in the two life cycle stages
(61,62). Our data demonstrate that there are different mech-
anisms at play governing the downregulation of edited CYb
and COIII mRNAs in BSF, and cell line specific differences
in the mechanisms abrogating COIII mRNA editing in BSF,
including the possible utilization of terminator gRNAs that
preclude the 3′ to 5′ progression of editing. We further ex-
amine the developmental timing of changing mitochondrial
mRNA levels in detail, using overexpression of RBP6 in
PCF to drive cells through metacyclogenesis in vitro (66).
These studies represent the first analysis of U-indel edit-
ing in EMF and MCF T. brucei, and they reveal several
transcript-specific developmental checkpoints.

MATERIALS AND METHODS

Generation of transgenic cell lines and cell culture conditions

The PCF T. brucei 29–13 cell line, which transgenically
expresses T7 RNA polymerase and the tetracycline re-
pressor, was grown in vitro at 27◦C in SDM-80 medium
containing hemin (7.5 �g/ml) and 10% fetal bovine
serum (FBS). The cells were grown in the presence of 15
�g/ml G418/neomycin and 25 �g/ml hygromycin B. The
pLew100v5 vector for RBP6 expression was linearized with
NotI and transfected into 29–13 cells as described previ-
ously (67), and cells were positively selected with 2.5 �g/ml
phleomycin. RBP6OE cells were grown in SDM-80 medium
containing no glucose, further supplemented with 50 mM
N-acetylglucosamine to block uptake of residual glucose
molecules from 10% FBS. The induction of ectopically ex-
pressed RBP6 protein was induced by the addition of 10
�g/ml of tetracycline into the culture medium (66). Cell
densities were measured using the Z2 Cell Counter (Beck-
man Coulter Inc.). Throughout the analyses, cells were
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maintained in the exponential mid-log growth phase (be-
tween 2 × 106 and 1 × 107 cells/ml). BSF T. brucei 427,
MiTat 90–13 (a kind gift from F. Bringaud’s lab), single-
marker (SM-1) (cultivated for the last 15 years in Read
lab), and SM-2 (cultivated for the last 10 years in Zikova
lab) cell lines were grown in vitro at 37◦C with 5% CO2 in
HMI-11 medium supplemented with 10% FBS. Through-
out the analyses, BSF cells were maintained in culture be-
low 1 × 106 cells/ml. For the in vitro differentiation of
monomorphic BSF cells to PCF, the protocol was adapted
from the published reports (14,68,69) with the following
modifications. On day zero, BSF cells were transferred to
no-glucose SDM80 medium supplemented with 15% FBS,
and the differentiation was triggered by adding 3 mM
citrate, 3 mM cis-aconitate, 10 mM glycerol, 0.2 mM 2-
mercaptoethanol, 28.2 mg/l bathocuproine, 182 mg/ml cys-
teine and by changing the temperature to 27◦C (5). The
cell density was maintained between 4 × 106 and 6 ×
106 cells/ml. After 2 days, the glucose-containing SDM79
medium was added to the differentiated cells to support cell
growth.

Western blot analysis and immunofluorescence

Whole cell lysates were separated by SDS-PAGE and trans-
ferred to PVDF membrane (Thermo Fisher Scientific,
Waltham, MA, USA). Protein blots were probed with mon-
oclonal anti-mitochondrial hsp70 (1:2000) (70) and anti-
AOX (1:100; gifted by Dr M. Chaudhuri) primary anti-
bodies, as well as polyclonal anti-GPEET (1:1000; gifted
by Dr I. Roditi), anti-trCOIV (1:1000) (71) and anti-RBP6
(1:5000; gifted by Dr C. Tschudi) primary antibodies. Pro-
tein signals were generated by the incubation with HRP-
conjugated goat anti-mouse or goat anti-rabbit secondary
antibodies (1:5000; Bio Rad) and visualized using the Pierce
ECL system and ChemiDoc instrument (Bio Rad). Im-
munofluorescence for procyclin (GPEET) and BARP ex-
pression or dextran uptake was performed as previously de-
scribed (71).

RNA isolation and quantitative RT-PCR analysis

Total RNA was isolated from 1 × 108 cells lysed in 1 ml
of TRIzol reagent (Ambion), phenol-chloroform extracted,
and ethanol-precipitated. The resulting RNA pellet was in-
cubated with 4 U of rDNase I (Ambion) at 37◦C for 1
h to remove DNA contamination. The purity and integrity
of the RNA were confirmed using the NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific) and RNA
agarose gel electrophoresis. DNase-treated RNA was con-
verted to cDNA using random hexamer primers and iS-
cript reverse transcriptase (Bio-Rad). Primers for the se-
lected targets for qRT-PCR analysis are listed in Supple-
mentary Table S1 (40,58,72–74). Real-time PCR amplifi-
cation was performed on a CFX Real Time System ther-
mocycler (BioRad) and the data were analyzed on the Bio-
Rad CFX Manager software. For all qRT-PCR compar-
ative analyses in this study, we measured three biological
replicates with three technical replicates for each sample.
Values were normalized to the average of three controls:
TERT, PFR2 and actin mRNA (58,73).

High throughput sequencing and bioinformatics analyses

RNA from PCF 29–13 and BSF 427, 90–13, SM-1 and SM-
2 cell lines was isolated, DNase-treated, and converted to
gene-specific cDNA using primers specific for the editing
domain of the minimally-edited cytochrome b (CYb), the 3′
region of the editing domain for cytochrome oxidase sub-
unit III (COIII), and the 3′ region of the editing domain
for ATPase subunit 6 (A6) mRNAs. The primer sequences
used for the generation of these cDNAs are listed in the sup-
plemental data (Supplementary Table S1) (74). The cDNAs
were PCR-amplified within the linear range to ensure that
subpopulations of short sequences were not disproportion-
ately amplified in our samples (42). The PCR products were
column-purified and eluted with 10 mM Tris pH 8.0 and
subjected to Illumina MiSeq sequencing as described (74).
For PCF 29–13 samples we sequenced five biological repli-
cates, and for BSF samples (427, 90–13, SM-1 and SM-2)
we sequenced three biological replicates for each cell line.
The number of standard reads (reads that contain no non-
T matches) and non-standard reads (reads containing non-
T matches) for each sample are listed in the supplemental
data (Supplementary Table S2). For each sample, all stan-
dard reads were normalized to 100 000 reads. This ensures
that each sample can be compared to one another based on
their normalized read counts. The normalized reads were
then analyzed using the Trypanosome RNA Editing Align-
ment Tool (TREAT) developed in our laboratory to deter-
mine the relative proportion of pre-edited, partially edited,
and fully edited reads in each sample based on user-defined
templates (42,43). Through a combination of Sanger and
Illumina sequencing, we identified alternative sequences at
the extreme 3′ ends of both A6 and COIII mRNAs, as in-
dicated by pink sequences in Figures 4A, 5A, 6A and 7A.
We identified gRNAs that could direct these alternative se-
quences (purple in Figures 4A, 5A, 6A, 7A) by searching
the PCF and BSF gRNA databases from the Koslowsky
lab using their published algorithm (61,62,75). Exacerbated
pause sites (EPSs) were determined as previously described
(43). The sequences of gRNAs that could potentially guide
the editing of junction sequences at specific COIII mRNA
editing stop sites (ES32 in BSF 427 and ES37 in BSF SM-1)
were predicted as previously described (61). The sequencing
data used in this study have been deposited in the Sequence
Read Archive under accession number PRJNA597932.

RESULTS

Four edited mRNAs are consistently and dramatically regu-
lated during the T. brucei life cycle

In this study, we aimed to characterize the developmental
regulation of edited mitochondrial mRNAs at the single
nucleotide level to provide insight into their mechanisms
of regulation and to determine whether they are subject to
common or distinct mechanisms. Because a recent study us-
ing qRT-PCR found that the relative levels of specific edited
mRNAs can be strain-specific (58), we began by analyzing
mRNA levels in multiple BSF cell lines compared to those
in PCF. We isolated RNA from BSF Lister 427 strain (the
parental line for all other cell lines used here), the MiTat
90–13 cell line, and two SM cell lines grown in independent
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laboratories for over 10 years (termed SM-1 and SM-2).
qRT-PCR was performed using three biological replicates
for each cell line and values were normalized to the average
of three control mRNAs: TERT, PFR2 and actin (73). We
measured pre-edited and edited versions of eight mitochon-
drial mRNAs, including both pan-edited and moderately
edited mRNAs, and those reported to be either develop-
mentally or constitutively edited during the T. brucei life cy-
cle (58,76). We also measured total mRNA levels for RNAs
that undergo moderate editing (CYb, COII and MURF2)
using primers outside the edited region. For pan-edited mR-
NAs (COIII, A6, RPS12, ND7–3′, and ND8), we measured
‘total’ mRNAs levels using primers corresponding to the 5′
never-edited domain and pre-edited sequence at the extreme
5′ end of the molecule as previously described (40), since the
majority of a given pan-edited mRNA population typically
remains pre-edited in this region due to the inefficiency of
the editing process.

Our results show consistent, dramatic decreases (in most
cases >95%) in the abundances of edited CYb, COII and
COIII mRNAs across all four BSF samples compared to
PCF (Figure 1). Edited CYb mRNA was undetectable in
all but the parental 427 strain, and even in this strain edited
CYb mRNA was greatly reduced compared to PCF (0.056
± 0.012). Edited COII mRNA was decreased ∼100-fold in
all BSF samples. Edited COIII mRNA was undetectable in
both SM samples, and was present at very low levels in the
427 and 90–13 cell lines (0.010 ± 0.003 and 0.010 ± 0.001 of
PCF levels, respectively). In no case did we observe a con-
comitant increase in pre-edited mRNA. In stark contrast
to CYb, COII and COIII mRNAs, edited ND8 mRNA was
substantially increased in all BSF cell lines to varying de-
grees ranging from 19- to 1468-fold. Furthermore, determi-
nation of relative levels of total CYb, COII, COIII and ND8
mRNAs demonstrates that, despite some fluctuations, mod-
ulation of the abundances of the corresponding edited mR-
NAs is not simply due to a similar decrease (CYb, COII and
COIII) or increase (ND8) in total mRNA levels. Finally,
when examining the 3′ domain of ND7, we observed sig-
nificant cell line-specific differences in edited mRNA levels,
including a >10-fold increase in SM-1 and a >10-fold de-
crease in 427 compared to PCF. Even the two SM samples
that had been cultured separately for over a decade exhib-
ited a 10-fold difference in the degree to which edited ND7–
3′ mRNA is increased in BSF. Thus, the separate culture
conditions experienced by the four cell lines in Figure 1 over
the past decade has permitted divergence in editing patterns
where this is tolerated. These data further suggest that those
mRNAs whose developmental patterns are consistent be-
tween cell lines (CYb, COII, COIII and ND8) remain so
because these patterns are physiologically constrained.

Having shown changes in the patterns of editing in BSF
compared to PCF that are conserved among cell lines, we
next asked whether these effects are reversible, consistent
with their being physiologically relevant effects. All of the
BSF cell lines used here are monomorphic and thus inca-
pable of traversing the normal pathway through stumpy
forms to PCF. Nevertheless, they can be triggered to differ-
entiate directly to PCF cells by the addition of citrate/cis-
aconitate to the media and a shift in temperature to 27◦C
(5). To test reversibility of the observed editing effects,

we used this method to differentiate BSF 427 and SM-2
cells and demonstrated hallmark signs of differentiation to
PCF, such as the expression of the cytochrome oxidase sub-
unit IV (trCOIV), downregulation of the alternative oxi-
dase (AOX) and expression of GPEET procyclin (Figure
2A). We then harvested RNA from the cells 2, 4 or 6 days
post-citrate/cis-aconitate/27◦C and compared total, pre-
edited and edited mRNA levels to those in PCF 29–13 by
qRT-PCR. Of the mRNAs that were consistently downreg-
ulated in BSF, edited COII mRNA was fully restored to
PCF levels by day 2 (Figure 2B) and edited COIII mRNA
was partially restored by day 6 (Figure 2C) in both cell lines.
In contrast, edited CYb mRNA levels remained unchanged
throughout the time course (Figure 2D). The modest de-
crease in edited A6 mRNA in BF was gradually restored
(Figure 2E), while the increased edited ND8 mRNA levels
observed in BSF gradually decreased throughout the time-
course towards PCF levels in both cell lines, despite the in-
crease in total ND8 mRNA levels (Figure 2F). Together,
these data show that monomorphic BSF cell lines have at
least some capacity to release the physiological constraints
on mRNA editing operating in this stage upon a differenti-
ation signal. Interestingly, the differences in the timing and
extent of COII, COIII and CYb mRNA increases indicates
that distinct transcript-specific mechanisms, and potentially
distinct signals, are in effect during this transition.

CYb and COIII mRNA populations exhibit different patterns
of change in BSF

While edited CYb and COIII mRNAs are very dramatically
decreased or undetectable in the four BSF cell lines tested,
total mRNA populations are unchanged or decreased to a
lesser degree (Figure 1), indicating that the remaining CYb
and COIII mRNAs in BSF are either pre-edited or partially
edited. A predominantly pre-edited mRNA population in
BSF would indicate a defect in editing initiation and/or in-
creased decay of edited mRNA in this life cycle stage. Al-
ternatively, the accumulation of partially edited mRNAs
would reflect a defect in the 3′ to 5′ progression of edit-
ing, and identification of distinct partially edited intermedi-
ates may highlight specific defects in editing progression. To
provide insight into the mechanisms by which edited CYb
and COIII mRNA abundances are decreased in BSF, we
employed Illumina MiSeq HTS coupled with bioinformatic
analysis using the Trypanosome RNA Editing Alignment
Tool (TREAT) developed in our laboratory (42). We de-
signed primers that specifically amplify the edited domains
of CYb and COIII mRNA in order to amplify the ma-
jority of mRNA intermediates (Figure 3A). As a control,
we similarly analyzed the edited domain of A6 mRNA, as
this edited mRNA was only moderated decreased in BSF
(Figure 1), and editing of A6 mRNA is essential in both
PCF and BSF life cycle stages (26,50,77). The edited do-
main of CYb mRNA is small enough to sequence in its
entirety, so the primers were designed to hybridize to the
5′ and 3′ never-edited regions (Figure 3A). The edited do-
mains of pan-edited COIII and A6 mRNAs are too large
to sequence in their entirety using MiSeq, so we amplified
the 3′ edited regions of these two mRNAs using forward
primers designed to anneal the pre-edited sequence near the
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Figure 1. Quantitative RT-PCR analysis of PCF and BSF mRNAs. Relative mRNA levels for total, pre-edited (Pre) and edited (Edit) mitochondrial
mRNAs in four BSF cell lines (427, 90–13, SM-1 and SM-2) relative to those in the 29–13 PCF cell line. Values were normalized to the average of three
controls (TERT, PFR2 and actin). Data shown were generated from three biological replicates of each sample with three technical replicates per biological
replicate. The gray shaded area represents the range from one log2 increase (2.00) and one log2 decrease (0.50). Error bars indicate standard error of the
mean.

middle of the transcript and reverse primers anneal to the
3′ never-edited regions (Figure 3a). We expect a large pro-
portion of intermediates to be amplified by these primer
pairs as a result of the 3′ to 5′ directionality of mRNA edit-
ing. Due to this primer placement, ‘fully’ edited COIII or
A6 mRNA in HTS/TREAT refers to mRNA intermedi-
ates that are canonically edited up to the pre-edited forward
primer. Because qRT-PCR revealed decreases in many to-
tal mRNA populations in BSF compared to PCF (Figure
1), and our previous HTS/TREAT studies were performed
on PCF (40–43,74), we first validated HTS/TREAT analy-
sis for BSF mRNA populations. To this end, we performed
a down-sampling experiment on PCF A6 mRNA reads to
determine the read count threshold for data integrity (78).
We found that the data profiles were extremely consistent as
low as 10,000 randomized standard reads (Supplementary
Figure S1). The standard read count for each BSF repli-
cate for each mRNA was well above this threshold, with
the lowest standard read count being above 100,000 and
most being several times this (Supplementary Table S1);
thus, we have confidence in the detailed analyses of the
BSF samples.

To interrogate the mechanisms regulating edited RNA
populations during the life cycle, we first asked what propor-
tion of the CYb, COIII and A6 mRNA populations is pre-

edited, partially edited, and fully edited in PCF and BSF.
Figure 3B shows that 23.2% of the PCF CYb mRNA popu-
lation is fully edited, consistent with our recently published
data (74). In contrast, BSF CYb mRNA is overwhelmingly
pre-edited, ranging from 83.1% in cell line 427 to 92–98%
in the remaining BSF cell lines. Thus, either the initiation of
CYb mRNA editing is significantly impaired in BSF and/or
the stability of CYb mRNAs that have entered the editing
pathway is compromised in BSF. When we analyzed COIII
mRNAs, a different picture emerged. Here, we observed lit-
tle or no increase in pre-edited mRNA, and the majority
of the COIII mRNA population is partially edited in both
PCF and BSF (Figure 3B). Additionally, while some fully
edited COIII reads were detected in PCF, none were found
in any BSF cell line (Figure 3B). Absence of fully edited
mRNA together with a large population of partially edited
mRNAs indicates that the initiation of COIII mRNA edit-
ing is not impaired in BSF, but rather there is a defect in
editing progression. Finally, we analyzed the proportions
of differentially edited A6 mRNAs, knowing that edited A6
mRNA is required in both PCF and BSF. Consistent with
this notion, we observed that the proportions of pre-edited,
partially edited, and fully edited A6 mRNAs are compa-
rable in PCF and BSF (Figure 3B). From the above data,
we conclude that the abundance of edited CYb and COIII
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Figure 2. Reversibility of BSF-stage edited mRNA levels. (A) Western blot analysis of undifferentiated BSF 427 cells, BSF 427 cells treated with 3 mM
citrate/3 mM cis-aconitate (CCA) for 2, 4 or 6 days, and PCF cells. Western blots of SM-2 cells showed similar trends (not shown). (B–F) Quantitative
RT-PCR analysis of relative mRNA levels for total, pre-edited (Pre), and edited (Edit) (B) COII, (C) COIII, (D) CYb, (E) A6 and (F) ND8 mRNAs in
two undifferentiated BSF cell lines (427 and SM-2) and BSF 427 and SM-2 cells treated with CCA for 2, 4 or 6 days relative to those in the PCF 29–13 cell
line. Undifferentiated BSF cells compared to PCF are used as a reference starting point for each cell line. Values were normalized to the average of three
controls (TERT, PFR2 and actin). Data shown were generated from two biological replicates of each sample with four technical replicates per biological
replicate. The gray shaded area represents the range from one log2 increase (2.00) and one log2 decrease (0.50). Error bars indicate standard error of the
mean.
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Figure 3. Proportions of pre-edited, partially edited, and fully edited CYb, COIII, and A6 mRNA in procyclic and bloodstream cells. (A) Schematic for
the placement of CYb, COIII and A6 high throughput sequencing (HTS) primer pairs. The primers are represented by red arrows. The never-edited regions
of the mRNAs are indicated in black; the pre-edited regions are indicated in gray; the edited regions of the mRNAs are indicated in yellow. (B) Pie charts
illustrating the breakdown for the percentage of CYb, COIII and A6 mRNAs by editing status in procyclic (PCF) 29–13 and bloodstream cell lines 427,
90–13, SM-1 and SM-2 as determined by HTS/TREAT analysis. Red arrows denote samples containing fully edited mRNA reads. Note that ‘fully’ edited
reads for A6 and COIII refer to those reads that are canonically fully edited up to the end of the forward primer.

mRNAs in BSF are regulated by distinct mechanisms, con-
sistent with their differing abilities to be released from con-
straint upon differentiation (Figure 2). Whereas edited CYb
mRNA abundance is downregulated in BSF by inhibition
of editing initiation and/or decreased stability of partially
edited intermediates, COIII mRNA is regulated by the in-
hibition of editing progression.

The progression of COIII mRNA editing is efficiently inhib-
ited in the 3′ region of the mRNA

To compare COIII mRNA editing progression in PCF and
BSF and to determine where along the COIII mRNA se-
quence the editing progression defects are localized, we uti-
lized TREAT to analyze the COIII mRNA reads from PCF
and BSF cell lines. TREAT defines any space between two
non-T nucleotides as an editing site (ES) (42). The ESs are
numbered in order from 3′ to 5′ to coincide with the direc-
tionality of mRNA editing. An editing stop site is the 5′-
most ES of continuous and uninterrupted canonical edit-
ing; thus, every ES that is 3′ of the editing stop site is also
canonically edited (42). The region 5′ of the editing stop
site can match the pre-edited sequence, a junction sequence
in the process of active editing, or an alternative edited se-

quence that does not match the published canonical edited
sequence (31).

To analyze editing progression, we normalized COIII and
A6 mRNA standard reads to 100,000. Using TREAT, we
then sorted the reads according to their editing stop sites,
and plotted the relative frequencies of editing stop sites to
create an editing peak profile for COIII and A6 in PCF
and three BSF cell lines (427, SM-1 and SM-2) (Figure 4)
(43). In this readout, editing proceeds from right to left (3′
to 5′) with increasing ES number, and peaks represent ESs
at which canonical editing frequently pauses. The length of
the entire read, within the boundaries of the upstream pre-
edited and downstream never-edited primers (Figure 3A),
is shown. The peak profile of COIII mRNA editing in PCF
shows that even though there are some intrinsic barriers
to COIII mRNA editing, as indicated by particularly tall
peaks where editing frequently pauses, the editing of COIII
mRNA proceeds 5′ into the transcript (Figure 4A, top left).
In BSF, we observed a different pattern in which all edit-
ing stop sites were clustered in the 3′ portion of the COIII
reads, indicative of a near complete halt of editing progres-
sion beyond these sites (Figure 4A). In contrast, although
A6 mRNA populations exhibit some larger pauses in edit-
ing, canonical editing progresses throughout the length of
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Figure 4. Editing profiles of COIII and A6 mRNA intermediates organized by editing stop site. Editing peak profiles for PCF 29–13 (upper left), BSF
427 (upper right), BSF SM-1 (lower left), and BSF SM-2 (lower right) for (A) COIII mRNA intermediates and (B) A6 mRNA intermediates. The Y axes
represent the number of normalized read counts for mRNAs at each editing stop site (note some differences in scales). Red diamonds indicate the final
major peak in COIII mRNA or the most prominent peak in A6 mRNA. The yellow diamonds in (B) indicate peaks at ES26 generated by alternative A6
mRNA editing in BSF 427 and SM-2 at ES27, ES29 and ES33.
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Figure 5. Statistical and bioinformatic analyses of COIII mRNA editing intermediates at the final prominent EPS in PCF and BSF 427 cells. (A) Schematic
illustrating the positions of exacerbated pause sites (EPSs) in BSF COIII mRNA in relation to the positions of gRNA families. gRNA anchor regions are
illustrated as a box while the coding information region is illustrated with a line. The hatchmarked boxes at gRNA 5′ and 3′ ends represent variation in
gRNA lengths within a gRNA family. The BSF 427 cells have an alternative editing consensus sequence that differs from the canonical sequence (shown in
pink). The alternative guide RNA (1-Alt) that directs the editing of this alternative sequence is shown as a purple gRNA. Every 10 ESs are indicated above
the sequence. Underscores at ES10 and ES40 are inserted to clarify the position of the ES. The yellow shaded regions indicate where the reverse COIII HTS
primer anneals. The red diamond represents the final prominent EPS at ES32 in this cell line. (B) Sequence alignments of the 10 most abundant junction
sequences at ES32 in COIII mRNA of PCF and BSF 427 cells. The canonical edited sequence is shown red and white letters with gray or black shading.
Junction sequences are shown in black letters with yellow shading. Non-canonical consensus sequences are shown in blue letters with gray shading. To
the right of each sequence is the average normalized read counts (Count) for the sequence and the junction length (JL). (C) Schematic of terminator guide
RNAs found in PCF (gRNAs A–E) annealed to COIII mRNA with the non-productive terminator consensus junction sequence at ES32. The ratio of the
counts for the canonical gRNAs that direct the editing past ES32 and the terminator gRNAs are shown as determined by previously published gRNA
reads (61,62).
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Figure 6. Statistical and bioinformatic analyses of COIII mRNA editing intermediates at the final prominent EPS in PCF and BSF SM-1 cells. (A)
Schematic illustrating the positions of exacerbated pause sites (EPSs) in BSF COIII mRNA in relation to the position of gRNAs. Symbols as in Figure
5. The red diamond represents the final prominent EPS at ES37 in this cell line. (B) Sequence alignments of the 10 most abundant junction sequences at
ES37 in COIII mRNA of PCF and BSF SM-1 cells. Symbols and shading as in Figure 5. (C) Schematic of terminator guide RNAs found in PCF (gRNAs
A–C) and BSF (gRNAs D–E) annealed to COIII mRNA with the non-productive consensus junction sequence at ES37. The ratio for the counts for the
canonical gRNAs that direct the editing past ES37 and the terminator gRNAs are shown as determined by previously published gRNA reads (61,62).
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Figure 7. Statistical and bioinformatics analysis of COIII mRNA intermediates at the final prominent EPS in PCF and BSF SM-2 cells. (A) Schematic
illustrating the positions of exacerbated pause sites (EPSs) in BSF COIII mRNA in relation to the position of guide RNAs (gRNAs). Symbols as in Figure
5. The red diamond represents the final prominent EPS at ES53. (B) Sequence alignments of the 10 most abundant junction sequences at ES53 in COIII
mRNA of PCF and BSF SM-2 cells. Symbols and shading as in Figure 5.
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the A6 read in both PCF and BSF (Figure 4B). We note
the differences in scale between PCF and BSF A6 normal-
ized reads in Figure 4B due to large peaks at ES26 in some
BSF samples. The apparent editing stop site at ES26 in BSF
427 and SM-2 is the result of an alternative sequence at
ES27, ES29 and ES33, which is designated by TREAT as
an editing stop site at ES26 (Figure 4B, yellow diamond).
Although canonical edited A6 sequence continues for the
remainder of the reads 5′ of ES33 in BSF 427 and SM-
2, designation of ES26 as an editing stop site diminishes
the apparent relative abundance of more 5′ editing stop
sites in the BSF 427 and SM-2 cell lines (Figure 4). Over-
all, the comparisons of editing progression between PCF
and BSF presented in Figure 4 demonstrate that BSF cells
specifically and completely inhibit the progression of COIII
mRNA editing early in the process, thereby depleting the
fully edited COIII mRNA pool. A6 mRNA is not subject
to this regulation, presumably due to the essentiality of the
A6 protein product in the BSF life cycle stage.

Different termination mechanisms exist for COIII mRNA in
distinct BSF cell lines

The data demonstrate that canonical COIII mRNA edit-
ing appears to abruptly terminate at specific ESs in the BSF
cell lines (Figure 4A). We next wanted to address the mech-
anism(s) of editing attenuation by determining the editing
actions at these termination sites. To this end, we com-
pared the frequency of mRNAs with a given editing stop
site in BSF to that in PCF to identify exacerbated pause
sites (EPSs) in the BSF cell lines (43). In this study, we de-
fine an EPS as an editing stop site with a normalized mRNA
read count that is statistically more abundant in BSF than
in PCF, signifying ESs where canonical COIII mRNA edit-
ing pauses more frequently in BSF than it does in PCF
(Supplementary Table S3). We plotted the BSF EPSs on a
schematic depicting edited COIII mRNA aligned with its
published cognate gRNAs (62), or with a gRNA that di-
rects an alternative 3′ edited sequence that we identified here
by Sanger sequencing and Illumina MiSeq in all cell lines
used in this study (gRNA 1-Alt). This allows us to visual-
ize where COIII EPSs are localized for the 427 (Figure 5A),
SM-1 (Figure 6A) and SM-2 (Figure 7A) cell lines relative
to cognate gRNAs. Editing stop sites are denoted by dia-
monds, with ‘prominent’ EPSs (defined here as EPSs that
have a BSF-to-PCF normalized read count ratio greater
than or equal to 1.50 and have a BSF normalized read count
greater than or equal to 1000) highlighted in black. We were
particularly interested in identifying the actions at the final
(5′ most) major EPS at which canonical editing ends in each
BSF cell line, and these 5′-most prominent EPSs are desig-
nated as red diamonds for each cell line (Figures 5A, 6A,
7A).

When analyzing COIII mRNA intermediates for BSF
427, we identified seven prominent EPSs within the region
of the first three gRNAs, with the final prominent EPS at
ES32 (Figure 5A). Strikingly, ES32 marks the end of the
region directed by gRNA-2. Therefore, we wanted to ex-
amine the sequences 5′ of this EPS to determine whether
editing halts altogether, indicating that gRNA-2 cannot be
removed or gRNA-3 is not utilized, or whether a common

junction sequence can be identified, suggesting alternative
gRNA utilization. We used TREAT to identify the ten most
abundant junction sequences of mRNA intermediates at
ES32 in BSF 427 and compared them to the mRNA inter-
mediates at ES32 in PCF. We observed a strong consensus
in the junction sequences in BSF 427, while this consensus
sequence rarely appeared in PCF (Figure 5B, blue u’s). The
abundance of mRNA intermediates with this consensus se-
quence and the number of uridines added over several ESs,
strongly suggests that a non-canonical gRNA is utilized to
generate the consensus sequence in BSF. Our data suggest
that such a gRNA acts as a terminator, being fully utilized
in BSF to generate an edited sequence to which the third
gRNA is unable to anchor to continue editing. Interestingly,
we also noted that the PCF junction sequences, although
shorter, appeared to match the beginning of the consensus
sequence observed in BSF (Figure 5B). Therefore, it is pos-
sible that the same non-canonical gRNA can begin to direct
editing in PCF, albeit infrequently (Figure 5B, count), but
even in these cases the gRNA is not fully utilized.

To identify a potential non-canonical terminator gRNA
that could direct the BSF 427 alternative sequence at ES32,
we searched previously reported PCF and BSF gRNA tran-
scriptomic databases (61,62,75). We readily identified a
family of such gRNAs in the three reported PCF databases
(Figure 5C). Remarkably, when comparing the reported
abundance of the predicted terminator gRNA to that of
the canonical gRNA for this region in the combined PCF
databases, we found that the terminator gRNA popula-
tion was 5-fold more abundant than the canonical gRNAs
that encode for the same region in PCF, suggesting that
a mechanism for preferential utilization of the canonical
gRNA exists in PCF (Figure 5c). While the canonical gR-
NAs directing editing in this region were detected in the
BSF gRNA database, we could not identify a viable gRNA
that could adequately anchor to the canonical sequence up
to ES32 and encode a significant portion of the terminator
sequence in this life cycle stage. It is possible that the termi-
nator gRNA simply was not detected in the previous BSF
gRNA sequencing studies. Alternatively, we cannot rule out
that the BSF EATRO 164 strain sequenced in the previ-
ous studies utilizes a different COIII junction sequence at
ES32 or terminates COIII editing at a different editing site.
It is also possible that the same terminator gRNA is used
in the EATRO 164 strain but is rapidly consumed in the
editing process (46). Together, the data in Figure 5 demon-
strate that BSF 427 cells can efficiently terminate canonical
COIII mRNA editing at ES32, likely by preferentially uti-
lizing an alternative terminator gRNA more efficiently than
the canonical gRNA in this region. This same terminator
gRNA is present in PCF, but it appears to be inefficiently
utilized, as primarily the first two or three editing sites of
the non-canonical consensus sequence appear in PCF in-
termediates.

Editing peak profile analysis revealed distinct COIII
mRNA editing pausing profiles in different BSF cell lines
(Figure 4), suggesting the existence of different pausing
mechanisms. To identify the mechanisms by which COIII
editing progression is terminated in SM-1 and SM-2 cell
lines, we performed similar EPS and junction sequence
analyses on COIII mRNAs these lines. In SM-1, we iden-
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tified eight prominent EPSs, with the final prominent EPS
at ES37 (Figure 6A and B). We used TREAT to identify
the ten most abundant junction sequences of mRNA in-
termediates at ES37 in BSF SM-1 and compared them to
the mRNA intermediates at ES37 in PCF. In PCF, vanish-
ingly few mRNAs contain editing stop site 37, and many
of those that do possess small junctions typical of standard
editing (Figure 6b). Longer PCF junctions at ES37 were
clearly intermediates in the canonical editing pathway that
were mis-edited at ES38. In contrast, we identified a clear
consensus sequence in BSF at ES37 that was not present in
the PCF junction sequences (Figure 6B), suggesting that,
similar to the 427 cells, SM-1 cells also utilize a termina-
tor gRNA. However, unlike the ES32 terminator gRNA in
427 cells (Figure 5), the ES37 terminator gRNA in SM-1
cells does not appear to be utilized at all in PCF. When
searching for terminator gRNAs that could anchor to the
canonical sequence up to ES37 and direct the consensus
edited sequence observed in the SM-1 junctions, we iden-
tified several such gRNAs in both PCF and BSF that pos-
sess a predicted anchor sequence in a region analogous to
that of the canonical gRNA-3 (Figure 6C). When compar-
ing the ratio of canonical-to-terminator gRNA populations
in PCF and BSF (61,62), we found that in PCF the termina-
tor and canonical gRNA populations were present in simi-
lar amounts while in BSF that the canonical gRNA was far
more abundant than the terminator gRNA despite the lack
of canonical gRNA utilization. These data suggest that, in
SM-1 cells, the final prominent EPS arises due to a termi-
nator gRNA that is selectively utilized in BSF but that is
hardly utilized at all in PCF.

Similar analyses of SM-2 cells identified seven prominent
EPSs within the region of the first four gRNAs (Figure 7A).
The final prominent EPS for SM-2 cells was identified at
ES53. Notably, this ES is at the end of the region directed
by the fourth gRNA (gRNA-4; Figure 7A). Analysis of the
junction sequences at ES53 in PCF and BSF SM-2 shows
that the most abundant sequence 5′ of ES53 is pre-edited in
both life cycle stages; however, mRNAs with this sequence
are 6-fold more abundant in BSF than in PCF (Figure 7B,
counts, JL of 0). Sequences with junctions are also far less
abundant in PCF and the junctions are generally much
shorter than those in BSF (Figure 7B). Bioinformatic anal-
ysis of COIII mRNA sequences in the BSF 90–13 cell line
revealed a similar pattern to that observed in SM-2 (data
not shown). Based on the abundance of sequences lacking
junctions 5′ of the final prominent editing stop site at ES53,
we conclude that COIII mRNA editing is frequently termi-
nated in BSF SM-2 and 90–13 cells through either inhibi-
tion of gRNA-4 removal or inhibition of gRNA-5 anneal-
ing. This process appears to occur relatively infrequently in
PCF. Taken together, our single nucleotide level analysis of
COIII mRNA editing progression reveals multiple distinct
mechanisms whereby BSF cells pause the 3′ to 5′ progres-
sion of editing near the 3′ end of the transcript.

Editing actions at a major pause site in A6 mRNA are com-
parable in PCF and BSF

Having shown that the editing actions at final prominent
EPSs in COIII mRNAs differ substantially between BSF

and PCF (Figures 5–7), we wanted to confirm that this pat-
tern is not an intrinsic property of BSF editing at major
pause sites. Thus, we examined the junction sequences of
A6 mRNA intermediates. Unlike COIII mRNA, where the
EPSs are clustered in the 3′ end of the transcript, the edit-
ing peak profile of A6 mRNA shows that canonical edit-
ing proceeds past major peaks and extends throughout the
length of the mRNA region investigated in both PCF and
BSF (Figure 4B). TREAT analysis of A6 mRNAs from cell
lines 427 and SM-2 revealed an alternative editing pattern
at ES27, ES29, and ES33 in a substantial proportion of the
population, 5′ of which editing returns to the canonical se-
quence (Figure 4B, yellow diamonds). Because of this com-
plication, we began by analyzing the editing patterns in BSF
SM-1 compared to PCF. Pause sites in A6 mRNA editing
that are exacerbated in BSF SM-1 compared to those in
PCF are distributed throughout the sequence, as shown in
Figure 8A, and the most prominent EPS occurs at ES58
(Figures 4B and 8A; Supplementary Table S4). We used
TREAT to determine the ten most abundant junction se-
quences at ES58 in PCF and BSF SM-1, revealing very sim-
ilar profiles in the two life cycle stages (Figure 8B). Indeed,
the top three most abundant ES58 junctions are identical
in PCF and BSF SM-1, and these account for 97% of PCF
sequences and 99% of BSF SM-1 sequences at this editing
stop site. After accounting for alternative editing between
ES27 and ES33, the prominent EPS in BSF 427 and SM-2
lines also occurs at ES58 (Figure 4B, red diamonds), and
TREAT analysis of junctions arising at ES58 in BSF 427
and SM-2 lines showed similar patterns to those in SM-1
(Supplementary Figure S2). Thus, the major pausing in A6
mRNA editing at ES58 does not induce distinctive editing
patterns between PCF and BSF and, while prominent EPSs
in COIII mRNA can vary between BSF cell lines, this flexi-
bility appears absent in A6 mRNA. Importantly, the major
pause site at ES58 in A6 mRNA, although exacerbated in
BSF, does not cause the BSF cells to terminate editing of
this mRNA.

Edited mRNAs are subject to transcript-specific control
points during the T. brucei life cycle

Having shown that the mechanisms governing the decreased
abundance of edited CYb and COIII mRNAs in BSF are
different, we next asked if the timing of their regulation
during the T. brucei life cycle also differs. In addition, we
wanted to determine if the relative abundances of edited
mRNAs progressively decrease (COII, COIII, CYb) or in-
crease (ND8 and potentially ND7–3′) as PCF parasites
progress through the life cycle towards BSF, or if distinct
control points exist. To do this, we utilized a tetracycline-
regulatable system that allowed us to inducibly overex-
press RBP6 in PCF to trigger metacyclogenesis (66). Cells
were induced with doxycycline to overexpress RBP6 for
2–8 days (Figure 9A). In agreement with the published
study (71), the differentiation of PCF cells progressed effi-
ciently through the procyclin-positive EMF cells (day 2) and
BARP-positive EMF (day 4) to MCF cells (days 6 and 8)
(Figure 9B). The individual life cycle stages were assessed by
the position of the nucleus and kinetoplast since EMF dis-
plays the kinetoplast in an anterior position relative to the
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Figure 8. Statistical and bioinformatics analysis of A6 mRNA editing intermediates at ES58 in PCF and BSF SM-1 cells. (A) Schematic illustrating the
positions of exacerbated pause sites (EPSs) in BSF A6 mRNA in relation to the position of guide RNAs (gRNAs). Symbols as in Figure 5. The red diamond
represents the most prominent EPS in SM-1 cells at ES58. (B) Sequence alignments of the 10 most abundant junction sequences at ES58 in A6 mRNA of
PCF and BSF SM-1 cells. Symbols and shading as in Figure 5.
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Figure 9. Quantitative RT-PCR analysis of induced RBP6OE cells compared to uninduced PCF. (A) Western blot analysis of RBP6 levels at 0–8 days
post-induction. Mitochondrial (mt) Hsp70 is a loading control. (B) Immunofluorescence of RBP6OE cells on day 2 post-induction (using anti-procyclin
antibody), day 4 post-induction (using anti-BARP antibody) and day 6 post-induction (using internalized fluorescently-labeled dextran). DNA was visual-
ized by DAPI staining. (C, D) Relative mRNA levels for total, pre-edited, and edited mitochondrial mRNAs between cells that were induced to ectopically
express RBP6 for (C) 2 days to generate an EMF-dominant culture or (D) 8 days to generate a mixed culture of MCF and PCF cells compared to the
uninduced PCF cells. Values were normalized to the average of three controls (TERT, PFR2, and actin). Data shown were generated from three biological
replicates of each sample with three technical replicates per biological replicate. The gray shaded areas represent the range from one log2 increase (2.00)
and one log2 decrease (0.50). Error bars indicate standard error of the mean.
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nucleus. Mature EMF cells were further identified by im-
munostaining for the specific surface marker BARP, while
MCF cells were identified by the ability to uptake fluores-
cent dextran, a hallmark for MCF due to the increased en-
docytosis (Figure 9B). We isolated RNA from uninduced
PCF cells, from RBP6-induced cells for 2 days when EMF
parasites dominate the culture, and from day 8 when the
culture was a mixed population of PCF and MCF parasites
(40% MCF/40% PCF) but have the highest resemblance to
the pure MCFs at the RNA and protein levels (4,71).

We performed qRT-PCR analysis to compare the relative
levels of total, pre-edited, and edited mRNAs after 2 or 8
days post-induction. In cultures harboring primarily EMF,
the levels of edited ND8 and ND7–3′ mRNAs increased
5- to 8-fold compared to those in PCF, while the levels of
other RNAs measured exhibited little or no change (Fig-
ure 9C). In cultures containing approximately a 1:1 ratio
of MCF-to-PCF, the abundances of many mitochondrial
mRNAs, including total mRNA populations, were substan-
tially increased compared to levels in PCF cultures (Figure
9D). Surprisingly, changes in the day 8 population included
an almost 6-fold increase in the abundance edited COIII
mRNA (Figure 9C), despite the substantial downregulation
of this edited mRNA in BSF, indicating that the stimulus
for decreasing editing of COIII mRNA occurs in BSF. In
contrast to COIII mRNA, relative levels of total and edited
CYb mRNAs were modestly decreased following 8 days of
RBP6 expression. Thus, while both edited CYb and edited
COIII mRNAs undergo a dramatic decrease upon the tran-
sition to BSF, these mRNAs are not governed by the same
regulatory mechanisms during the PCF-MCF-BSF transi-
tion.

DISCUSSION

Significant transcript-specific differences in the abundances
of specific edited mRNAs between T. brucei PCF and BSF
life cycle stages have been known for decades (76); how-
ever, the mechanisms by which these changes are effected
have remained completely obscure. Several scientific ad-
vances of the past decade permit us to now return to
this intriguing question with a new arsenal of approaches.
These advances include the HTS revolution that provided
comprehensive gRNA libraries and several bioinformatic
approaches to analyze mitochondrial mRNA populations
(31,42,61,62,79–81), thereby allowing us to gain single nu-
cleotide level insight into changes in editing progression
during the life cycle. A second critical advance is the ability
to trigger metacyclogenesis in PCF in vitro by overexpres-
sion of a single RNA-binding protein (66), which allowed
us to perform the first analysis of mRNA editing through-
out the T. brucei life cycle, including EMF and MCF stages.
Here, we demonstrate that the developmental downregula-
tion of edited CYb mRNA abundance in BSF begins dur-
ing metacyclogenesis. This downregulation is significantly
exacerbated in BSF, by a reduction in editing initiation
and/or edited mRNA stability. In contrast, the downreg-
ulation of edited COIII mRNA abundance begins in BSF,
when elevated edited COIII mRNA levels fall through ef-
ficient impairment of editing progression near the 3′ end
of the transcript. A more global analysis of mitochondrial

RNA levels throughout the PCF-EMF-MCF transition re-
vealed transcript-specific control points in both EMF and
MCF stages.

Developmental regulation of mRNA editing and its connec-
tion to metabolism

As T. brucei progresses through the life cycle from PCF to
BSF, nutrient availability changes and the parasite adapts
to extreme environmental changes. Furthermore, the para-
site must also be somewhat pre-emptive about its metabolic
adaptations as some of these environmental switches are
quite shocking (11). Since mRNA editing is essential for
the production of translatable mRNAs that encode pro-
teins involved in mitochondrial bioenergetics, mRNA edit-
ing is intimately linked to metabolism. Our data show the
abundance of several edited mitochondrial mRNAs fluc-
tuates throughout the life cycle (Figures 1 and 9). PCF
parasites must replicate in the amino acid-rich, glucose-
depleted tsetse fly midgut, and consequently, they rely on
oxidative phosphorylation for the bulk of ATP production.
This is reflected in the presence of several edited mitochon-
drial mRNAs in PCF that encode proteins connected to
an active ETC (CYb, complex III; COII and COIII, com-
plex IV). Conversely, as slender BSF parasites have access
to abundant glucose, they utilize primarily glycolysis and
deprioritize the ETC, thereby permitting the dramatic de-
crease in edited mRNAs encoding ETC components in this
stage in all cell lines tested here. In cultures comprised of
1:1 MCF-to-PCF, both edited COIII and edited CYb mR-
NAs are present, although edited CYb is beginning to de-
crease. Persistence of these edited mRNAs suggests that
oxidative phosphorylation is still active in MCF parasites,
and its drastic downregulation is not yet permissible due to
the lack of glucose in the tsetse fly salivary glands where
they reside in vivo. In fact, active oxidative phosphoryla-
tion in MCF was recently confirmed in a thorough study
on the mitochondrial metabolic dynamics in cells differ-
entiated in response to RBP6 overexpression (71). Persis-
tence of complex III and IV components, and presumably
increased abundance and/or activity of complex I, in MCF
may also be a compensatory mechanism to counteract an-
other pre-adaptation for BSF that occurs during metacyclo-
genesis. Namely, at this stage, the trypanosome alternative
oxidase (AOX) is upregulated (4), but its activity is not cou-
pled to proton translocation and ATP production by oxida-
tive phosphorylation, so it competes with complexes III/IV
for reducing power (71).

We observed a very different pattern of developmen-
tal regulation of edited mRNAs that encode subunits for
NADH-ubiquinone oxidoreductase (complex I) (Figures 1
and 9). The abundances of edited mRNAs encoding ND7
and ND8 were upregulated early on the pathway from PCF
to BSF, exhibiting 5- to 8-fold increases in EMF stage para-
sites. Edited ND8 mRNA continued increasing in MCF and
was dramatically upregulated in all BSF cell lines tested.
In contrast, edited ND7 mRNA decreased slightly in MCF
and was inconsistent between BSF cell lines, even decreas-
ing in one BSF cell line (427) compared to PCF. The ne-
cessity and function of complex I in T. brucei is still un-
clear. Previous studies have reported that although complex
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I in PCF parasites has NADH-ubiquinone oxidoreductase
activity and participates in oxidative phosphorylation, its
activity is non-essential (82). Despite the upregulation of
edited mRNAs that encode complex I subunits and the re-
ported assembly of the complex in BSF, complex I does not
appear to have NADH-ubiquinone oxidoreductase activity
or to be essential in BSF (23). It was later found that another
type II NADH dehydrogenase (NDH2) is necessary for ac-
etate production, and complex I assists NDH2 in maintain-
ing NADH/NAD+ redox balance to maintain an environ-
ment conducive for acetate production, but even this as-
sistance function appears non-essential (24). Therefore, the
physiological rationale for the consistent and dramatic up-
regulation of edited ND8 mRNA in EMF, MCF and BSF
parasites remains enigmatic. Overall, the pre-adaptation of
T. brucei EMF and MCF to BSF complex I editing pat-
terns, as well as the persistence of edited mRNAs encoding
cytochrome components in EMF and MCF appears to be
conserved in trypanosomatids, as it is reminiscent of obser-
vations made decades ago in T. congolense (55).

Regulation of edited CYb mRNA levels

Our data clearly demonstrate that the decreased abun-
dances of edited CYb and COIII mRNAs in BSF occur
through distinct mechanisms. In BSF, the predominantly
pre-edited CYb mRNA population could arise through in-
hibition of editing initiation and/or rapid destabilization of
CYb mRNAs that enter the editing pathway in this life cycle
stage. Several lines of evidence suggest that a combination
of these effects is at play. Destabilization of some portion
of the partially and fully edited CYb population apparently
takes place in BSF, as reflected in the decreased total CYb
mRNA levels in BSF compared to PCF (Figure 1). How-
ever, the level to which the total CYb mRNA population is
decreased in BSF is not large enough to account for decay
of the ∼75% of CYb mRNAs that are partially or totally
edited in PCF in at least two cell lines (Figure 3B). These
data predict additional regulation at the step of editing ini-
tiation. An effect on editing initiation could involve the cat-
alytic component of the editing machinery, RECC, as com-
plementation studies demonstrated that mutants of several
RECC proteins have enhanced effects in BSF compared to
PCF (35,64,65). However, the basis for these phenotypes
is not known and they are not transcript-specific. Other
factors likely to impact edited CYb mRNA levels in BSF
are KRBP16 and KMRP1/2, both of which are strictly re-
quired to maintain edited CYb mRNA levels in PCF T. bru-
cei with considerable specificity (74,83,84). A recent study
from our laboratory suggests that KRBP16 promotes the
initiation of CYb mRNA editing, while KMRP1/2 stabi-
lizes partially and fully edited CYb mRNAs in PCF T. bru-
cei (74). Although these factors are present in both PCF and
BSF stages, their functions may be regulated by posttrans-
lational modifications. For example, KRBP16 is methylated
on three arginine residues in PCF, and this modification is
required for its interaction with CYb mRNA (85,86). The
methylation status of KRBP16 in other life cycle stages is
not known. KMRP1/2 undergoes multiple phosphoryla-
tion events, and phosphorylation of serine-198 on KMRP1

is over 10-fold increased in PCF compared to BSF (87).
This modification may impact KMRP1/2 protein–protein
or protein–RNA interactions, particularly those involv-
ing CYb mRNA. Future studies will address the roles of
KRBP16 and KMRP1/2 and their posttranslational mod-
ification in the regulation of CYb mRNA editing through-
out the life cycle.

Regulation of edited COIII mRNA

We demonstrate here that developmental regulation of
COIII mRNA editing is regulated at the level of 3′ to 5′
editing progression. We identified distinct mechanisms by
which editing progression is halted in three different BSF
cell lines, although all three cell lines similarly effect these
mechanisms near the 3′ end of the COIII transcript. In BSF
427 and SM-1 cell lines, control of editing progression en-
tails preferential gRNA utilization (Figures 5 and 6). These
cells utilize alternative gRNAs to derail canonical editing by
introducing edited RNA sequences to which the subsequent
canonical gRNAs are unlikely to anchor. To our surprise,
terminator gRNA populations appear equally as or sub-
stantially more abundant than the corresponding canoni-
cal gRNAs in PCF (61,62), indicating the presence of ac-
tive mechanisms governing utilization of specific gRNAs in
a life cycle stage-specific manner. One protein in the RESC
component of the editing holoenzyme, RESC14 (formerly
MRB7260; new nomenclature summarized in reference 49),
also forms distinct complexes with the gRNA-binding pro-
teins, RESC1/2 (formerly GAP1/2), and has been impli-
cated in selective gRNA utilization in PCF (40). It will be
important to examine whether RESC14 depletion in PCF
impacts the COIII termination sites identified here or the
association of terminator gRNAs with the editing machin-
ery. Interestingly, a recent genome-wide study identified
a large population of non-canonical gRNAs of unknown
function encoded in the T. brucei mitochondrial genome
(88). Expression of most of these small RNAs, which were
present at 40% of the levels of canonical gRNAs, was con-
firmed by transcriptome analysis. Our data suggest that one
function of these ‘orphan’ gRNAs may be to act as editing
terminators under specific conditions and at specific points
in the life cycle. While our data are consistent with the ter-
minator gRNA model, they do not exclude the possibility
of another model. We cannot rule out that it is not the use
of the terminator gRNA that is promoted in BSF, but rather
the utilization of the canonical COIII gRNA is specifically
prohibited in BSF. The halt of canonical editing at this point
would allow the utilization of alternative gRNAs that hap-
pen to be present in the population and that can anchor
to the now free COIII mRNA anchor sequence. This non-
productive gRNA utilization would serve to further derail
canonical editing. Additional experimental study is needed
to discern which of the two scenarios are at play.

We identified a second mechanism for regulating editing
progression in the BSF SM-2 line. Here, canonical COIII
editing is completely halted at the end of the region di-
rected by gRNA-4, and the overwhelming abundance of
mRNAs lacking any editing events past this point indicates
an arrest in editing overall. Thus, there appears to be a
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barrier involving either inefficient removal of the fully uti-
lized gRNA-4 or the recruitment, availability, or anneal-
ing of gRNA-5. This process serves as an intrinsic barrier
to the progression of editing in both PCF and BSF SM-2
but is greatly exacerbated in BSF SM-2 cells. COIII gRNA-
5 is reportedly abundant in BSF, indicating that altered
gRNA-5 levels do not govern its differential utilization dur-
ing the life cycle (62). Indeed, gRNA transcriptome studies
in PCF and BSF T. brucei revealed no apparent trend relat-
ing gRNA abundance and developmental editing patterns
(61,62), again consistent with regulated utilization of gR-
NAs. Notably, in vitro differentiation of BSF 427 and SM-2
cell lines, which utilize different mechanisms for the inhibi-
tion of COIII mRNA editing progression, to PCF showed
that both cell lines are able to substantially restore editing
of COIII mRNA.

Using A6 mRNA as a control for an edited mRNA
that maintains high levels throughout the life cycle, we
found that the editing pattern of this mRNA is relatively
strictly maintained. Whereas COIII mRNA editing exhib-
ited substantial flexibility in its patterns of editing progres-
sion between life cycle stages and between BSF cell lines,
A6 mRNA editing patterns were more rigid in all cell lines
examined. The conservation of specific pausing patterns
and junction sequences at distinct pause sites in A6 mRNA
likely reflects the essentiality of the A6 protein product in
both PCF and BSF. Understanding the mechanisms by
which these patterns are maintained in the face of enormous
gRNA diversity may provide insight into how these mecha-
nisms are subverted in developmentally regulated mRNAs
such as COIII.

Perspective

Altogether, this study offers the first insight into the mech-
anistic regulation of mRNA editing during the T. brucei
life cycle, and suggests a dynamic orchestration of RNA-
protein interactions in this process. Several lines of study
demonstrate the concurrent action of multiple distinct, re-
versible, and transcript-specific processes. The precise inter-
play of signals and mechanisms that determine the prefer-
ential utilization of the gRNAs during regulation of COIII
mRNA editing, and likely that of other mRNAs, is still un-
known. It is possible that life cycle stage-specific protein
or RNA modifications, expression and affinity of differ-
ent RNA-binding proteins, and/or thermodynamic differ-
ences in RNA–RNA, protein–protein or RNA–protein in-
teractions between BSF and PCF play significant roles. Fur-
ther investigations of editing progression and macromolec-
ular interactions in pleomorphic strains during the slender
BSF-stumpy BSF-PCF transition and during the RBP6-
stimulated PCF-to-MCF transition will be highly informa-
tive in our understanding of the dynamic and reversible na-
ture of mRNA editing regulation during T. brucei develop-
ment.
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