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Small Interfering RNA-Mediated Translation Repression
Alters Ribosome Sensitivity to Inhibition by Cycloheximide in
Chlamydomonas reinhardtii*

Xinrong Ma, Eun-Jeong Kim, Insun Kook, Fangrui Ma, Adam Voshall, Etsuko Moriyama, and Heriberto Cerutti!
School of Biological Sciences and Center for Plant Science Innovation, University of Nebraska, Lincoln, Nebraska 68588

Small RNAs (sRNAs; ~20 to 30 nucleotides in length) play important roles in gene regulation as well as in defense responses
against transposons and viruses in eukaryotes. Their biogenesis and modes of action have attracted great attention in recent
years. However, many aspects of sSRNA function, such as the mechanism(s) of translation repression at postinitiation steps,
remain poorly characterized. In the unicellular green alga Chlamydomonas reinhardtii, sSRNAs derived from genome-
integrated inverted repeat transgenes, perfectly complementary to the 3’ untranslated region of a target transcript, can inhibit
protein synthesis without or with only minimal mRNA destabilization. Here, we report that the sRNA-repressed transcripts
are not altered in their polyadenylation status and they remain associated with polyribosomes, indicating inhibition at
a postinitiation step of translation. Interestingly, ribosomes associated with sRNA-repressed transcripts show reduced
sensitivity to translation inhibition by some antibiotics, such as cycloheximide, both in ribosome run-off assays and in in vivo
experiments. Our results suggest that sSRNA-mediated repression of protein synthesis in C. reinhardtii may involve alterations
to the function/structural conformation of translating ribosomes. Additionally, sRNA-mediated translation inhibition is now
known to occur in a number of phylogenetically diverse eukaryotes, suggesting that this mechanism may have been a feature

of an ancestral RNA interference machinery.

INTRODUCTION

RNA-mediated silencing is an evolutionarily conserved process in
eukaryotes by which small RNAs (sRNAs) induce the inactivation
of cognate sequences through a variety of mechanisms, including
translation repression, RNA degradation, transcriptional inhibition,
and/or, in a few organisms, DNA elimination (Voinnet, 2009;
Fabian et al., 2010; Cenik and Zamore, 2011; Huntzinger and
Izaurralde, 2011; Ketting, 2011). Intriguingly, recent studies in-
dicate that these noncoding RNAs may also participate in tran-
scriptional or translational activation (Steitz and Vasudevan, 2009;
Younger and Corey, 2009; Fabian et al., 2010). Despite the
mechanistic diversity of these processes, in most characterized
pathways, sRNAs (~20 to 30 nucleotides in length) are in-
corporated into effector complexes containing at their core
Argonaute proteins, which include two major subfamilies of
polypeptides named after Arabidopsis thaliana ARGONAUTE1
(AGO1) and Drosophila melanogaster P-element induced wimpy
testis (PIWI) (Song et al., 2004; Rivas et al., 2005; Hutvagner and
Simard, 2008; Fabian et al., 2010; Cenik and Zamore, 2011).
Some AGO-PIWI proteins function as sRNA-guided endonu-
cleases (slicers) that cleave complementary transcripts, whereas
others lack endonucleolytic activity and repress their targets
through other mechanisms (Meister et al., 2004; Hutvagner and
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Simard, 2008; Cenik and Zamore, 2011; Huntzinger and Izaurralde,
2011).

Three major classes of SRNAs have been recognized in meta-
zoans: microRNAs (miRNAs), PIWI-interacting RNAs, and small
interfering RNAs (siRNAs) (Bartel, 2009; Axtell et al., 2011; Cenik
and Zamore, 2011; Ketting, 2011). Land plants and green algae
lack PIWI proteins and contain only miRNAs and siRNAs that
associate with members of the AGO clade (Cerutti and Casas-
Mollano, 2006; Voinnet, 2009; Axtell et al., 2011). miRNAs com-
monly originate from endogenous, single-stranded, noncoding
RNA transcripts or introns that fold into imperfectly paired hairpin
structures. They often modulate the expression of genes with
roles in development, physiological or metabolic processes, or
stress responses (Bartel, 2009; Voinnet, 2009; Axtell et al., 2011;
Cenik and Zamore, 2011; Huntzinger and lzaurralde, 2011;
Ketting, 2011). siRNAs are produced from long, nearly perfectly
complementary, double-stranded RNAs (dsRNAs) of diverse ori-
gins (Voinnet, 2009; Axtell et al., 2011; Cenik and Zamore, 2011;
Ketting, 2011). In land plants and algae, these siRNAs play vari-
ous roles in suppression of viruses and transposable elements,
posttranscriptional regulation of gene expression, DNA methyla-
tion, and/or heterochromatin formation (Voinnet, 2009; Yu and
Wang, 2010; Cerutti et al., 2011). Despite considerable advances
in our understanding of the biogenesis and function of sRNAs
(Hutvagner and Simard, 2008; Bartel, 2009; Voinnet, 2009; Fabian
etal., 2010; Axtell et al., 2011; Cenik and Zamore, 2011; Huntzinger
and lzaurralde, 2011; Ketting, 2011), key mechanistic aspects of
their mode of action remain poorly characterized.

The degree of complementarity between a sSRNA and its target
site has been considered a main determinant of the post-
transcriptional repression mechanism (Bartel, 2009; Voinnet,
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2009; Cenik and Zamore, 2011; Huntzinger and lzaurralde,
2011). Highly complementary sSRNA-mRNA hybrids, with perfect
central pairing, activate Argonaute-mediated endonucleolytic
cleavage of target transcripts (Meister et al., 2004; Rivas et al.,
2005; Hutvagner and Simard, 2008; Cenik and Zamore, 2011).
This is the best-characterized mechanism of posttranscriptional
silencing mediated by siRNAs and, in land plants, by many
miRNAs (Llave et al., 2002; Schwab et al., 2005; Voinnet, 2009;
Cenik and Zamore, 2011; Huntzinger and lzaurralde, 2011).
Conversely, imperfect sSRNA-mRNA hybrids, with central bulges
or mismatches, enable translational inhibition and/or acceler-
ated exonucleolytic (slicer independent) transcript decay, which
are the prevalent modes of repression involving metazoan
miRNAs (Hutvagner and Simard, 2008; Bartel, 2009; Fabian
et al., 2010; Huntzinger and Izaurralde, 2011). Interestingly, re-
cent evidence indicates that sSRNAs perfectly complementary to
a target mMRNA can also cause translational inhibition without, or
with only minimal, transcript destabilization (Rao et al., 2006;
Brodersen et al., 2008; Wu et al., 2008; Voinnet, 2009; Yu and
Wang, 2010). This outcome may result from the association of
sRNAs with Argonautes that lack endonucleolytic activity (Meister
et al., 2004; Wu et al., 2008). However, siRNA-programmed AGO
proteins, known to possess the predicted catalytic motif, can also
fail to cleave (Meister et al., 2004; Hutvagner and Simard, 2008;
Cenik and Zamore, 2011), suggesting that our understanding of
the determinants of the Argonaute slicer activity is insufficient
and/or that associated factors may modulate AGO endonucleo-
lytic activity.

Over the past few years, remarkable progress has been made
in our understanding of the mechanism(s) of miRNA-mediated
posttranscriptional silencing in metazoans, but no consensus
has emerged yet unifying all current observations (Fabian et al.,
2010; Cenik and Zamore, 2011; Huntzinger and Izaurralde, 2011;
Djuranovic et al., 2012; Fukaya and Tomari, 2012). Animal
miRNAs have been proposed to repress translation in at least
four distinct ways: inhibition of translation initiation, inhibition of
translation elongation, cotranslational degradation of nascent
polypeptides, and premature termination of translation (Maroney
et al., 2006; Nottrott et al., 2006; Petersen et al., 2006; Kong
et al., 2008; Ding and Grosshans, 2009; Gu et al., 2009;
Iwasaki et al., 2009; Fabian et al., 2010; Huntzinger and Izaurralde,
2011; Stadler et al., 2012). miRNAs can also promote seques-
tration of target mRNAs in discrete cytoplasmic foci, either pro-
cessing bodies or stress granules (Liu et al., 2005; Sen and Blau,
2005), but this localization may be a consequence of silencing
rather than a requirement for translation repression (Eulalio et al.,
2007; Detzer et al., 2011; Huntzinger and Izaurralde, 2011). Ad-
ditionally, genome-wide proteomic and transcriptomic analyses,
after the removal or the ectopic expression of miRNAs, have
suggested that the slicer-independent degradation of miRNA
targets may account for most of the stable repression mediated
by miRNAs in mammalian cell cultures (Baek et al., 2008; Selbach
et al., 2008; Hendrickson et al., 2009; Guo et al., 2010; Huntzinger
and lzaurralde, 2011). One possible explanation for all these dis-
parate and sometimes conflicting observations is that metazoan
miRNAs may regulate target transcripts via multiple, interrelated
mechanisms that can be modulated by AGO-associated factors
and target mRNA effects. Indeed, AGO binding GW-repeat

proteins (TNRC6/GW182-like) have been shown to interact with
cytoplasmic poly(A) binding protein and with the CCR4-NOT and
PAN2-PAN3 deadenylase complexes leading to mRNA dead-
enylation as well as translation repression (Fabian et al., 2010,
2011; Braun et al., 2011; Chekulaeva et al., 2011; Huntzinger and
Izaurralde, 2011; Fukaya and Tomari, 2012), although there is also
increasing evidence for miRNA-mediated translation inhibition in
a deadenylation-independent manner (Fabian et al., 2010; Fukaya
and Tomari, 2011, 2012; Bazzini et al., 2012; Djuranovic et al.,
2012; Mishima et al., 2012). Depending on the cell type and/or
specific target, mMRNAs may be maintained in a translationally
repressed state or rapidly degraded (Fabian et al., 2010; Huntzinger
and lzaurralde, 2011; Béthune et al., 2012; Bazzini et al., 2012;
Djuranovic et al., 2012).

sRNAs can also cause translation repression in land plants. In
Arabidopsis, the transcripts of APETALAZ2, a target of miR172,
the SBP-box gene SPL3, a target of miR156/157, and two
copper/zinc superoxide dismutases (CSD7 and CSD2), as well
as the copper chaperone for superoxide dismutase (CCST7),
targets of miR398, were found to be regulated by miRNA-
mediated translation inhibition (Aukerman and Sakai, 2003; Chen,
2004; Gandikota et al., 2007; Dugas and Bartel, 2008; Beauclair
et al., 2010; Yu and Wang, 2010). Mutations in two genes impli-
cated in sRNA function (encoding the microtubule-severing pro-
tein KATANIN and the enhancer of decapping protein VARICOSE)
were shown to increase polypeptide levels of several miRNA-
regulated genes without causing a corresponding change in
the abundance of their mMRNAs (Brodersen et al., 2008; Voinnet,
2009). Moreover, Arabidopsis AGO1 and a subset of miRNAs
have been demonstrated to associate with polyribosomes, con-
sistent with a role for miRNAs in translation inhibition (Lanet et al.,
2009). Indeed, translational regulation may be an important as-
pect of miRNA function in Arabidopsis based on the phenotypes
of loss-of-function mutants of SUO, coding for a large GW-repeat
polypeptide involved in miRNA-mediated repression of protein
synthesis (Yang et al., 2012). However, SUO does not appear to
be an ortholog of animal TNRC6/GW182 and the mechanism(s)
by which sRNAs inhibit translation in land plants remains
uncharacterized.

Translation inhibition mediated by sRNAs may also operate in
unicellular eukaryotes. In the parasitic protozoan Giardia lamblia,
sRNAs have been shown to repress the expression of reporter
genes containing sRNA target sites in their 3’ untranslated re-
gions (UTRs) without changes in transcript levels (Li et al., 2011;
Saraiya et al., 2011). Likewise, in the marine diatom Phaeo-
dactylum tricornutum, transformation with an inverted repeat (IR)
transgene, producing dsRNA homologous to a phytochrome
gene, did not alter target mRNA amounts but significantly re-
duced cognate protein abundance (De Riso et al., 2009). These
observations are consistent with sRNA-mediated translation
inhibition, which also occurs in the unicellular green alga Chla-
mydomonas reinhardtii. Here, we show that transgenic siRNAs
perfectly complementary to a target transcript can repress
protein synthesis at a postinitiation step. Moreover, ribosomes
associated with an siRNA-repressed transcript display reduced
sensitivity to inhibition by the antibiotic cycloheximide, sug-
gesting that the silencing mechanism(s) alters the function/
structural conformation of translating ribosomes.



RESULTS

Inverted Repeat Transgenes Can Trigger Translation
Repression of Homologous Endogenous Transcripts

In C. reinhardtii, RNA interference (RNAI) has been achieved,
among other approaches, by the production of hairpin dsRNA
from genome-integrated IR transgenes (Cerutti et al., 2011). The
transcribed dsRNA is processed into siRNAs and, in most cases,
reduction in the steady state levels of target mMRNAs is observed
(Rohr et al., 2004; Schroda, 2006), implying RNAi-induced tran-
script degradation. For instance, transformation of C. reinhardtii
with an IR construct targeting the 3' UTR of AMINO ACID
CARRIER5 (AOC5) (see Supplemental Figure 1A online), encod-
ing a putative basic amino acid permease, resulted in transgenic
lines tolerant to the Arg analog L-canavanine (Figure 1A). These
strains contained ~22-nucleotide AOC5 siRNAs and the AOC5
mRNA amount was significantly reduced (Figure 1B).

L-canavanine is a nonproteinogenic a-amino acid structurally
related to L-Arg. However, its incorporation in place of Arg during
protein translation can generate functionally aberrant poly-
peptides and eventual cell death (Rosenthal, 1986). Suppression
of expression of the AOC5 transporter in the C. reinhardtii RNAi
strains likely diminishes L-canavanine uptake, allowing cells to
survive and grow in the presence of this compound (Figure 1A).
Intriguingly, ~10% of the transgenic lines showed the expected
survival on medium containing L-canavanine (e.g., Figure 1C,
Aoc5-IR6) but no reduction in the AOC5 mRNA level (e.g., Figure
1D, Aoc5-IR6). These strains were obtained at a frequency much
higher than expected for conventional genetic mutation (i.e.,
natural mutations disrupting the AOC5 gene) and they displayed
no obvious alteration of the endogenous AOC5 locus when ex-
amined by DNA gel blotting and hybridization with a probe ho-
mologous to the AOC5 coding sequence (data not shown). Thus,
these observations raised the possibility that IR-mediated sup-
pression of AOC5 gene expression could occur at the trans-
lational level in a subset of C. reinhardtii transformants.

To explore whether RNAi was functional in C. reinhardtii
strains with no significant alteration in target transcript levels, we
used a tandem IR system, previously demonstrated to suppress
simultaneously cotargeted genes (Rohr et al., 2004; Kim and
Cerutti, 2009). A hairpin-forming construct homologous to part
of the coding sequence of Cre16.9662000, encoding a putative
RNA helicase, was engineered inside the AOC5 IRs (see
Supplemental Figure 1B online). Transformation of C. reinhardtii
with this tandem IR transgene and selection on L-canavanine
containing medium allowed the recovery of strains showing re-
duced transcripts levels for both AOC5 and Cre16.9662000
(data not shown). However, as observed before with the single
AOQOCS5 IR strains, ~5 to 10% of the tandem IR transformants
were able to grow in the presence of L-canavanine (e.g., Figure
1C, Aocb5/Helic-IR4) without any obvious change in the AOC5
mRNA abundance (e.g., Figure 1D, Aoc5/Helic-IR4). In-
terestingly, the Cre16.9662000 transcript was considerably
downregulated in the same transgenic lines (e.g., Figure 1D,
Aoc5/Helic-IR4). Since the tandem IR transgene directs pro-
duction of siRNAs homologous to both AOC5 and Crei6.
9662000 and the reduction in Cre16.g662000 mRNA amount is
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Figure 1. RNA-Mediated Silencing of the AOC5 Gene Induced by Ex-
pression of AOC5 IR Transgenes in C. reinhardtii Transformants.

(A) Growth and survival of Aoc5-IR transformants on TAP medium
without (left) or with (right) 400 pg/mL L-canavanine. CC-124, un-
transformed wild-type strain.

(B) RNA gel blot analyses of mMRNAs and siRNAs in the Aoc5-IR trans-
genic strains. The left panels correspond to agarose gel-separated total
RNA samples sequentially hybridized with 32P-labeled PCR products
corresponding to the AOC5 3’ UTR (top panel), to evaluate the degree of
mRNA reduction, or the coding sequence of Actin (ACT1) (bottom panel)
as a control for equivalent loading of the lanes. The right panels corre-
spond to total RNA samples separated in a 15% denaturing poly-
acrylamide gel and probed sequentially with the AOC5 3’ UTR sequence
(top panel), to detect siRNAs, or the U6 small nuclear RNA sequence
(bottom panel), to assess the amount of sample loaded per lane. nt,
nucleotides.

(C) Growth and survival of the indicated strains on TAP medium alone or
containing 400 p.g/mL L-canavanine. Maa7-IR44s, strain containing an IR
transgene targeting the 3’ UTR of the MAA7 gene (encoding TSB). Aoc5/
Helic-IR4, strain containing a tandem IR transgene targeting both AOC5
and Cre16.g662000 (encoding a putative RNA helicase).

(D) RT-PCR analyses on total RNA samples from the indicated strains.
The panels show reverse images of agarose gel-fractionated RT-PCR
products corresponding to AOC5 or Cre16.g662000. Amplification of the
mRNA corresponding to ACT1 was used as a control for equal amounts
of input RNA and for the efficiency of the RT-PCRs (bottom panel). Re-
actions using RNA not treated with reverse transcriptase as the template
were employed as a negative control (data not shown).

indicative of functional RNAI, these results are consistent with
AOCS5 being repressed at the translational level in a subset of
transgenic strains. However, we were unable to test this hy-
pothesis directly due to lack of an antibody to assay AOC5
protein abundance.
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To examine more conclusively whether IR transgenes can
suppress gene expression by translation inhibition in C. rein-
hardtii, we used an alternative system. Trp synthase B-subunit
(TSB; encoded by the METHYL ANTHRANILIC ACID7 —MAA7—
gene) is required to convert the indole analog 5-fluoroindole (5-FI)
into the toxic Trp analog 5-fluorotryptophan. RNAi-mediated
suppression of MAA? in C. reinhardltii, triggered by dsRNA pro-
duced from IR transgenes, results in strains resistant to 5-F| that
have reduced MAA? transcript levels (Rohr et al., 2004). However,
~10% of the C. reinhardtii transformants containing an IR
transgene designed to produce dsRNA homologous to the MAA7
3" UTR showed tolerance to 5-FI (Figure 2A) and significantly
reduced levels of the TSP protein, as detected by immunoblotting
assays (Figure 2B), without any marked change in the MAA7
mRNA amount (Figure 2C; see Supplemental Figure 2A online).
Taken together, our observations strongly suggest that IR trans-
genes can induce translation repression of targeted transcripts in
C. reinhardtii, although it remains unexplained why the same
construct can trigger primarily either mRNA destabilization or in-
hibition of protein synthesis in different transgenic lines.

siRNAs Are Required for the Translation Repression
Mediated by IR Transgenes

The Maa7-IR transgenic lines with marked reduction of the TSR
protein content without changes in MAA? transcript levels con-
tained detectable amounts of MAA7 siRNAs (Figure 2D). More-
over, in the case of the Maa7-IR44s strain, deep sequencing of
sRNAs revealed that siRNAs homologous to the MAA7 mRNA
matched exclusively to its 3’ UTR, as expected for Dicer pro-
cessing of the hairpin dsRNA transcribed from the introduced IR
transgene (see Supplemental Figure 2B and Supplemental Data
Set 1 online). Interestingly, sense siRNAs that would have no
functional consequence on MAA7 expression seemed more
abundant than antisense siRNAs, but, in both cases, sequenced
siRNAs appeared to correspond to nearly every position in the
MAA7 3" UTR (see Supplemental Figure 2B and Supplemental
Data Set 1 online). The lower abundance of antisense MAA7
siRNAs is consistent with recent reports suggesting that exten-
sive pairing with a target transcript may destabilize sRNAs in flies
and mammals (Ameres et al., 2010), but we did not explore this
phenomenon in C. reinhardtii.

To test whether siRNAs are required for the observed suppres-
sion of TSR protein production in C. reinhardtii, we identified a de-
letion mutant of Exportin 5 (Cre10.9g420400) (see Supplemental
Figure 3 online) by screening a library of insertional mutants gen-
erated in the Maa7-IR44s background. In metazoans, Exportin 5
(EXP5), a member of the importin-g/karyopherin family of proteins,
mediates the nuclear export of miRNA precursors (pre-miRNAs),
and its depletion results in diminished miRNA amounts (Yi et al.,
20083; Lund et al., 2004). The Arabidopsis ortholog of EXP5, HASTY,
also appears to be required for the biogenesis (presumably through
the nuclear export of Dicer-processed duplex sRNAs) and/or the
stability of some miRNAs since mutant plants show a general re-
duction in miRNA levels (Park et al., 2005). Likewise, in C. rein-
hardtii, depletion of the EXP5 ortholog caused a decrease in the
abundance of many miRNAs, albeit to different extents [see
Supplemental Figure 3C online; Maa7-IR44s(exp5)]. This is likely
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Figure 2. RNA-Mediated Translation Repression of the MAA7 Transcript
(Coding for TSB), Induced by Expression of MAA7 IR Transgenes in C.
reinhardftii Transformants.

(A) Growth and survival of Maa7-IR transformants on TAP medium without
(left) or with (right) 7 wuM 5-FI. CC-124, untransformed wild-type strain.
(B) Immunobilot analysis of TSR levels. The smaller cross-reacting anti-
gen is likely a TSB degradation product and was not consistently de-
tected in replicate blots. Coomassie blue staining of an equivalent gel is
shown as a control for similar loading of the lanes (bottom panel).

(C) RNA gel blot analysis of agarose gel-separated total RNA samples
sequentially hybridized with 32P-labeled PCR products corresponding to
the coding sequence of MAA7 (top panel), to examine the degree of
mRNA reduction, or the coding sequence of ACT7 (bottom panel), to
assess the amount of sample loaded per lane.

(D) Detection of siRNAs in transgenic strains undergoing MAA?7 silencing.
Total cell RNA was separated in a 15% denaturing polyacrylamide gel,
electroblotted onto a nylon membrane, and hybridized with the MAA7 3’
UTR sequence (top panel). The same filter was reprobed with the U6 small
nuclear RNA sequence (bottom panel) as a control for equivalent loading
of the lanes. nt, nucleotides.

a null phenotype since almost the entire EXP5 gene was deleted in
the C. reinhardtii mutant (see Supplemental Figure 3A online) and
no EXP5 transcript was detected in RT-PCR assays [see
Supplemental Figure 3B online; Maa7-IR44s(exp5)).

The EXP5-deleted C. reinhardtii strain Maa7-IR44s(exp5) was
sensitive to 5-Fl, as would be expected for a strain defective in
RNAi-mediated downregulation of MAA7 expression (Figure 3A).
Moreover, the mutant contained TSB protein amounts quite
similar to those in the wild-type strain (Figure 3B) without ap-
preciable changes in the MAA?7 transcript abundance (Figure 3C).
Notably, MAA7 siRNA levels were greatly reduced in the mutant
background and barely detectable even after prolonged exposure
to a phosphor imager screen (Figure 3D). EXP5 does not appear
to play a direct role in protein translation, and, if anything, its
depletion might have an overall detrimental effect on protein
synthesis due to EXP5’s role in the nuclear export of tRNAs (Yi
et al., 2003; Lund et al., 2004). Thus, the observed accumulation
of TSR protein in the C. reinhardtii exp5 mutant is most likely
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Figure 3. Translation Repression of the MAA7 Gene Is Greatly Diminished
in a C. reinhardtii Mutant Deleted for the EXP5 Ortholog (Encoded by
Cre10.g420400) and Does Not Involve Transcript Deadenylation.

(A) Growth and survival of the indicated strains on TAP medium without
(left) or with (right) 7 wM 5-Fl. Maa7-IR44s(exp5), Maa7-IR44s strain
containing a deletion of the Cre10.9g420400 gene.

(B) Immunoblot analysis of TS abundance. Coomassie blue staining of
an equivalent gel is shown as a control for similar loading of the lanes
(bottom panel).

(C) RNA gel blot analysis of agarose gel-separated total RNA samples
sequentially hybridized with 32P-labeled PCR products corresponding to
the coding sequence of MAA7 (top panel), to evaluate the degree of
mRNA reduction, or the coding sequence of ACT7 (bottom panel), to
assess the amount of sample loaded per lane.

(D) Detection of siRNAs in the Maa7-IR transgenic strains. Total cell RNA
was separated in a 15% denaturing polyacrylamide gel, electroblotted
onto a nylon membrane, and hybridized with the MAA7 3" UTR sequence
(top panel). The same filter was reprobed with the U6 small nuclear RNA
sequence (bottom panel) as a control for equivalent loading of the lanes.
nt, nucleotides.

(E) Analysis of polyadenylated tail lengths of the MAA7 and ACT1 tran-
scripts in the indicated strains. Poly(A) tail lengths were examined using
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a reflection of the requirement for siRNAs (much diminished in the
mutant background) as effectors of the translation repression
triggered by IR transgenes.

siRNA-Mediated Translation Repression of the MAA7
Transcript Occurs at a Postinitiation Step

In metazoans, mRNA deadenylation is a widespread (although not
universal) consequence of miRNA regulation (Huntzinger and
Izaurralde, 2011; Bazzini et al., 2012; Béthune et al., 2012; Fukaya
and Tomari, 2012; Mishima et al., 2012). Thus, to begin addressing
the mechanism of translation repression mediated by IRs in
C. reinhardtii, we examined first whether the poly(A) tail length is
reduced in the siRNA-repressed MAA? transcripts. However, we
could find no change in the polyadenylation status of this mRNA
and of a control transcript encoding actin (ACT7) in Maa7-IR44s
in comparison with the wild type and the Maa7-1R44s(exp5)
strains (Figure 3E; see Supplemental Figure 4 online). Thus,
siRNA mediated translation inhibition of MAA7 in C. reinhardtii
seems to occur in a deadenylation-independent manner.

We next performed polyribosome profiling to examine whether
translation was being repressed at initiation or postinitiation steps.
If translation were inhibited at initiation, the MAA7 transcript
would be expected to shift to lighter fractions (with fewer or no
ribosomes) when separating Maa7-IR44s cell extracts on Suc
sedimentation gradients. By contrast, if protein synthesis were
inhibited after initiation, the MAA7 mRNA would be expected to
associate with heavier polyribosomal fractions in the translation-
ally repressed transgenic line, although the exact distribution
would vary depending on the specific translation step being af-
fected. Cells from the wild type, Maa7-IR44s, and Maa7-IR44s
(exp5) strains were treated with a high concentration of cyclo-
heximide (150 p.g/mL) to arrest translating ribosomes, resuspended
in lysis buffer containing the antibiotic, and broken by one pas-
sage through a French press. Lysates were then fractionated by
Suc density gradient ultracentrifugation to separate free mRNAs
from those associated with varying numbers of ribosomes. The
presence of the MAA7 transcript, the control ACTT mRNA, and
the 78S rRNA in each fraction of the gradient was assayed by slot
blot hybridization (Figure 4A).

Interestingly, MAAY transcripts were found similarly associated
with polyribosomal fractions in the three strains examined (Figures
4A and 4B), regardless of the TSB protein accumulation (Figure 3B)
or the MAA7 siRNAs content (Figure 3D). However, consistent with
siRNA-mediated translation repression, some of the MAA7 siRNAs
comigrated with polyribosomes in the Maa7-IR44s samples,
whereas these siRNAs were practically undetectable in the heavier
gradient fractions of the Maa7-IR(exp5) strain (Figure 4C, lanes 7 to
10). In Maa7-IR44s, the proportion of MAA7 siRNAs associated
with polyribosomal fractions (relative to the total MAA7 siRNA
amount) was much larger than that of an endogenous C. reinhardtii
miRNA, such as miR912 (Figure 4C). By contrast, in a previously
characterized transgenic strain, Maa7-IR5, containing the same

a G/l tailing protocol and RT-PCR assays (see Supplemental Figure 4
online). Reactions were performed as described in the Methods in the
presence (+RT) or absence (—RT) of reverse transcriptase.
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Figure 4. Translationally Repressed MAA7 Transcripts Comigrate with Polyribosomes in Suc Density Gradients.

(A) Typical polyribosome profiles of the indicated strains treated with 150 pw.g/mL cycloheximide throughout lysis and ultracentrifugation procedures (top
panels). M, monoribosomes; Poly, polyribosomes. The distribution of the MAA7, ACT1, and 78S rRNA transcripts in the gradient fractions was

examined by slot blot hybridization (bottom panels).

(B) Distribution of ACT7 and MAA7 mRNAs across polyribosome profiles of the CC-124, Maa7-IR44s, and Maa7-IR44s(exp5) strains. The values

represent the average of three independent experiments =+ se.

(C) Distribution of MAA7 siRNAs and of an endogenous miRNA (miR912) in Suc density gradients of the indicated strains, assessed by RNA gel blot

hybridization. Numbers above the lanes indicate pooled gradient fractions.

MAAY IR construct as Maa7-IR44s but inducing target transcript
destabilization rather than translation repression (Rohr et al.,
2004), the MAA7 siRNAs were more abundant in the ribosome-
free portion of the gradient and virtually absent from the poly-
ribosomal fractions (see Supplemental Figure 5 online).

To determine further whether the fast-sedimenting mRNAs and
siRNAs were indeed associated with polyribosomes, we treated
lysates with EDTA, known to chelate Mg2* and dissociate trans-
lating cytosolic ribosomes into their 40S and 60S subunits (Nolan
and Amstein, 1969). This caused, as expected, redistribution of all
tested RNAs to the subpolysomal region of the gradient (see
Supplemental Figure 6 online). As EDTA may also disrupt some
nonribosomal ribonucleoprotein complexes, we also treated cells
with puromycin, prior to cell breakage, in an attempt to induce
premature termination of elongating peptide chains and specific
disassembly of translating ribosomes (Blobel and Sabatini, 1971;
Kong et al., 2008; Ding and Grosshans, 2009). However, this
treatment caused only a minor reduction in the polyribosomal

fractions in C. reinhardtii (similarly in the three strains examined),
presumably because of poor drug uptake (data not shown). The
sedimentation patterns of the MAA7 and ACT1 transcripts in
puromycin-treated cells were again indistinguishable among the
wild type, Maa7-IR44s, and Maa7-IR44s(exp5) (data not shown).
Thus, the MAA7 mRNA appears to associate predominantly with
bona fide translating ribosomes in the three examined strains (see
Supplemental Figure 7A online). These observations led us to
conclude that MAA7 siRNAs repress translation of the target tran-
script primarily at a postinitiation stage in the C. reinhardftii Maa7-
IR44s transgenic line.

Ribosomes Subjected to siRNA-Mediated Translation
Repression Show Lower Sensitivity to Inhibition
by Cycloheximide

The association of MAA7 transcripts with polyribosomes in the
Maa7-IR44s strain suggested several possible mechanisms of
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Figure 5. The Fraction of MAA7 Transcripts Comigrating with Poly-
ribosomes Is Reduced after Suc Density Gradient Ultracentrifugation of Cell
Extracts Subjected to Ribosome Run-Off in the Absence of Cycloheximide.

(A) Typical polyribosome profiles of the indicated strains (top panels). M,
monoribosomes; Poly, polyribosomes. The distribution of the MAA7,
ACTT1, and 78S rRNA transcripts in the gradient fractions was examined
by slot blot hybridization (bottom panels).

(B) Distribution of ACT7 and MAA7 mRNAs across polyribosome profiles
of the CC-124 and Maa7-IR44s strains. The values represent the average
of three independent experiments * sk.

siRNA-mediated protein synthesis inhibition, including effects on
translation elongation, termination, and/or degradation of nascent
polypeptides. We therefore attempted to assess functional differ-
ences, between the wild-type and Maa7-IR44s strains, in the ri-
bosomes associated with the MAA7 mRNA. In the absence of
cycloheximide, protein translation proceeds for a short time in cell
extracts, partly depleting ribosomes from mRNA templates (Saini
et al., 2009). This ribosome run-off assay can be used to evaluate
the stability of ribosome association with transcripts, which will
depend on the elongation rate and susceptibility to premature
termination. Cell extracts from the wild type and Maa7-IR44s
strains were prepared in lysis buffer lacking cycloheximide and
containing 150 mM KCl and 5 mM Mg?*, ionic conditions near the
optimum for in vitro protein synthesis (Shenvi et al., 2005). As ex-
pected, upon Suc density gradient ultracentrifugation, the poly-
ribosomal component in these extracts was much reduced (Figure
5A) in comparison with that observed in high cycloheximide-treated
cells (Figure 4A). However, the new experimental conditions were
uninformative as to the function of siRNA-repressed ribosomes
since we found no significant difference in the MAA?7 transcript (and
the control ACT1 mRNA) gradient distribution between the two
examined strains (Figures 5A and 5B; see Supplemental Figure 7B
online).
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Cycloheximide is a potent inhibitor of protein synthesis with
high specificity for eukaryotic ribosomes. This antibiotic has been
reported to inhibit translation elongation by binding to the large
ribosomal subunit exit (E) site, stalling translocation as a conse-
quence of the occupation of the E site by both cycloheximide
and a deacylated tRNA (Pestova and Hellen, 2003; Schneider-
Poetsch et al., 2010; Klinge et al., 2011). We next tested low
concentrations of cycloheximide (30 pg/mL) to reduce the rate of
elongation in the ribosome run-off assay rather than totally inhibit
this process. We reasoned that slowing down elongation might
increase polyribosomal association if a transcript was being
translated by ribosomes already partly repressed at the elonga-
tion step, whereas a normally translated mRNA might be affected
to a lesser degree. Under these low cycloheximide conditions, the
overall abundance of polyribosomes (Figure 6A) was intermediate
between the high cycloheximide (Figure 4A) and the no cyclo-
heximide (Figure 5A) treatments for both tested strains. In-
triguingly, in the low cycloheximide ribosome run-off experiments,
the MAA?Y transcript was moderately but consistently depleted
from the polyribosomal fractions in the translationally repressed
Maa7-IR44s strain relative to the wild type (Figures 6A and 6B;
see Supplemental Figure 7C online). As a control, the distribution
of the ACT7 mRNA in the Suc density gradients was virtually
identical in both examined strains (Figures 6A and 6B; see
Supplemental Figure 7C online). These results, although un-
expected based on our initial reasoning, provided the first
evidence for a functional difference(s) between the ribosomes
associated with the MAA7 transcript in the wild-type strain
(translationally competent) and the Maa7-IR44s strain (transla-
tionally inhibited by an siRNA-dependent mechanism). Similarly,
when cells were treated with low concentrations of cyclohexi-
mide, the AOC5 mRNA was also moderately depleted from
polyribosomal fractions in the repressed Aoc5/Helic-IR4 strain
relative to the CC-124 control (see Supplemental Figure 8 on-
line), suggesting that these observations are indicative of
a general feature of siRNA-inhibited ribosomes.

To gain further insight on the function of siRNA-repressed ri-
bosomes, we examined the effect of different antibiotics and
growing conditions on the accumulation of the TSR protein in
vivo. We were particularly interested in testing whether siRNA-
mediated translation repression was altered by antibiotics with
dissimilar modes of action, inhibiting distinct ribosome functions.
A sublethal concentration of cycloheximide severely compro-
mised survival of the Maa7-IR44s strain in medium containing
5-FI (Figure 7A), consistent with greater MAA7 expression. By
contrast, this treatment had little effect on the phenotype of the
previously characterized Maa7-IR5 strain containing the same
MAAY7 IR construct integrated into its genome but inducing target
transcript destabilization rather than translation repression (Rohr
et al., 2004). In cells growing in liquid medium, exposure to low
cycloheximide for 18 h (see Methods) had a similar inhibitory ef-
fect on overall translation in the three examined strains, the wild
type, Maa7-IR44s, and Maa7-IR5, as reflected by a comparable
reduction in histone H3 levels (Figure 7B, cf. Ctrl and Chx panels).
However, the TSB protein amount uniquely increased in Maa7-
IR44s subjected to sublethal cycloheximide concentrations (Fig-
ure 7B, cf. Ctrl and Chx panels), whereas the antibiotic did not
affect TSR protein levels (a fairly stable polypeptide) in the wild
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Figure 6. siRNA-Repressed MAA7 Transcripts Are Moderately Depleted

from Polyribosomal Fractions after Ribosome Run-Off Assays in the
Presence of Low Concentrations of Cycloheximide.

(A) Typical polyribosome profiles of the indicated strains treated with 30
rg/mL cycloheximide throughout lysis and ultracentrifugation proce-
dures (top panels). M, monoribosomes; Poly, polyribosomes. The dis-
tribution of the MAA7, ACT1, and 18S rRNA transcripts in the gradient
fractions was examined by slot blot hybridization (bottom panels).

(B) Distribution of ACT7 and MAA7 mRNAs across polyribosome profiles
of the CC-124 and Maa7-IR44s strains. The values represent the average
of three independent experiments * sk.

type or the Maa7-IR5 strains. This suggested that cycloheximide
treatment is of no consequence for RNAi-triggered mRNA de-
stabilization in Maa7-IR5. No change in the original MAA7 mRNA
abundance was observed in any of these strains during the 18-h
experimental period (data not shown).

Paromomycin, an aminoglycoside antibiotic that influences
the decoding center of the ribosome, translation fidelity, and
perhaps an early stage of translation after initiation (Eustice and
Wilhelm, 1984; Borovinskaya et al., 2008), did not alter the
survival on 5-Fl-containing medium or the TS@ protein amount
in Maa7-IR44s (see Supplemental Figures 9A and 9B online),
despite being as effective at inhibiting histone H3 accumulation
as cycloheximide (see Supplemental Figure 9B online). Likewise,
anisomycin, an antibiotic that binds to the aminoacyl site of the
large ribosomal subunit and inhibits translation elongation by
competing with the binding of aminoacyl-tRNA to the peptidyl-
transferase center (Blaha et al., 2008; Rakauskaite and Dinman,
2008), did not affect survival on 5-FI or TSR protein levels of
Maa7-IR44s (see Supplemental Figures 9C and 9D online).
Merely reducing growth rate (and overall protein synthesis) by
culturing cells in minimal medium also had no apparent conse-
quence on TSR protein expression in Maa7-IR44s, based on the

strain’s ability to survive and grow in the presence of 5-Fl (see
Supplemental Figure 9E online). Treatment with sublethal con-
centrations of a fourth antibiotic, hygromycin B, slightly in-
creased TSP protein accumulation in Maa7-1R44s (Figure 7B) and
reduced to some extent survival of the strain on 5-Fl-containing
medium (Figure 7A). Interestingly, hygromycin B seems to have
a mode of translation inhibition that differs from other amino-
glycoside antibiotics. In addition to affecting decoding fidelity, it
appears to have, like cycloheximide, an inhibitory effect on the
translocation of MRNA and tRNAs on the ribosome (Eustice and
Wilhelm, 1984; Borovinskaya et al., 2008).

The observed effects of cycloheximide, and to a much lower
degree of hygromycin B, on TSB protein accumulation in the
Maa7-IR44s strain are unlikely to be indirect, such as destabilization
of a short-lived protease required for TSB degradation or of
a polypeptide specifically involved in siRNA-mediated trans-
lation repression, since, if this were the case, paromomycin
and anisomycin would be expected to have a similar conse-
quence on TSP protein content. Additionally, since MAA7
suppression by target mRNA destabilization in the Maa7-IR5
strain was not affected by the cycloheximide or hygromycin B
treatments, general depletion of core components of the RNAI
machinery also appears unlikely. Moreover, exposure to low
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Figure 7. TSP Protein Synthesis from the MAA7 Transcript, Subjected to
siRNA-Mediated Translation Repression, Shows Lower Sensitivity to
Inhibition by Cycloheximide.

(A) Growth and survival of the indicated strains on TAP medium without
(top panels) or with (bottom panels) 7 WM 5-FI supplemented with solvent
(Ctrl) or sublethal concentrations of hygromycin B (HygB; 4.0 pg/mL) or
cycloheximide (Chx; 2.0 wg/mL). Maa7-IR5, strain expressing a MAA7 IR
transgene that induces target mRNA degradation (Rohr et al., 2004).
(B) Immunoblot analyses of TSR and histone H3 protein levels. Cells from
the indicated strains were cultured for 18 h in liquid TAP medium alone
(Ctrl) or containing sublethal concentrations of antibiotics (2.0 wg/mL of
hygromycin B or 1.0 wg/mL of cycloheximide). Proteins corresponding to
equal numbers of cells were loaded per lane.
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concentrations of cycloheximide distinctly altered ribosome
association with MAA7 or AOC5 transcripts, assessed by Suc
density gradient ultracentrifugation, when comparing Maa7-
IR44s or Aocb5/Helic-IR4 with the wild-type strain (Figures 6A
and 6B; see Supplemental Figures 7C and 8 online). These
observations, taken together, suggest that ribosomes transla-
tionally repressed by siRNAs are differentially (less) sensitive to
inhibition by cycloheximide and to some extent hygromycin B,
strongly implying that the siRNA machinery imposes some al-
teration on normal ribosome function/structure.

DISCUSSION

RNAi has been developed as a practical tool to study gene
function in a few algal species (Cerutti et al., 2011). In C. reinhardtii,
hairpin-forming transcripts produced from genome-integrated IR
transgenes have been successfully used to downregulate the
expression of a number of endogenous genes (Schroda, 2006;
Cerutti et al., 2011). In most cases, reduction of the steady state
level of targeted mRNAs was observed, implying RNAi-mediated
transcript degradation (Rohr et al., 2004; Schroda, 2006; Cerutti
et al., 2011). However, in a few instances, discrepancies between
protein and mRNA amounts, suggestive of inhibitory effects on
translation, have also been reported. For example, a C. reinhardftii
transgenic line containing an IR transgene designed to suppress
expression of Chlamyopsin, coding for an opsin-related protein,
displayed a 50-fold reduction in protein abundance but only
a threefold decrease in transcript amount, in comparison with the
wild-type strain (Fuhrmann et al., 2001). In land plants and animals,
there is convincing evidence that siRNAs perfectly complementary
to a target MRNA can mediate translation repression in addition to
mRNA degradation (Rao et al., 2006; Brodersen et al., 2008; Wu
et al.,, 2008; Yu and Wang, 2010). Our results indicate that this
phenomenon also occurs in the unicellular green alga C. rein-
hardtii, triggered by MAA?Y IR transgenes (Figures 2 and 3) and by
AOCS5 IR transgenes (Figure 1D; see Supplemental Figure 8 online)
designed to produce hairpin dsRNA homologous to the 3" UTR of
target transcripts.

Interestingly, in C. reinhardltii, the same IR construct (homolo-
gous to a 3’ UTR) can induce predominantly either target mRNA
degradation or translation repression in different transgenic lines.
One obvious difference among the RNAI strains is the site of in-
tegration of the IR transgene in the algal nuclear genome. In
mammalian cells, it has been recently demonstrated that the
promoter driving transcription of an mRNA influences the type of
miRNA-mediated translation repression. Transcripts derived from
the Simian Virus 40 promoter, containing let-7 target sites in their
3’ UTRs, are repressed at the initiation state of translation,
whereas identical mRNAs derived from the Thymidine Kinase
promoter are repressed at a postinitiation step (Kong et al., 2008).
Bushell and colleagues proposed that a nuclear event linked to
the promoter, such as cotranscriptional loading of factors onto
the nascent mRNA, might determine the type of miRNA-mediated
translation repression (Kong et al., 2008). Similarly, we speculate
that the site of integration of an IR transgene in the C. reinhardtii
genome may influence its transcriptional activity, site of hairpin
dsRNA processing to siRNAs (nuclear versus cytoplasmic), and
the eventual association of a factor(s) with siRNA-loaded AGOs
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that may modulate the type of repression. However, addressing
the actual molecular mechanism(s) determining this choice will
require further investigation.

In metazoans, the mechanism(s) of miRNA-mediated silencing
has been the subject of extensive research (see Introduction).
However, since translation repression, deadenylation, and tran-
script decay are closely linked processes, delineating a unifying
model of silencing has been difficult (Fabian et al., 2010; Cenik
and Zamore, 2011; Huntzinger and lzaurralde, 2011; Béthune
et al., 2012; Djuranovic et al., 2012; Fukaya and Tomari, 2012;
Ricci et al., 2013; Stadler et al., 2012). Recent studies examining
the relative timing of different events suggest that miRNA targets
in Danio rerio, Drosophila, and HelLa cell lines are first subject to
translational inhibition, followed by effects on deadenylation and
mRNA degradation (Bazzini et al., 2012; Béthune et al., 2012;
Djuranovic et al., 2012; Mishima et al., 2012). In this context,
deadenylation may consolidate the initial translational inhibition
(Huntzinger and Izaurralde, 2011), which apparently occurs at the
initiation level (Bazzini et al., 2012; Djuranovic et al., 2012; Ricci
et al., 2013). However, in animal systems, there is also evidence
for some repressed mRNAs remaining associated with poly-
ribosomes, a strong argument in support of postinitiation trans-
lation inhibition (Gu et al., 2009; Fabian et al., 2010; Huntzinger
and lzaurralde, 2011; Stadler et al., 2012). miRNAs have been
proposed to slow down translation elongation (Maroney et al.,
2006), promote premature termination (ribosome drop-off) (Petersen
et al., 2006), or induce rapid proteolysis of nascent polypeptides
(Nottrott et al., 2006). In addition, in Drosophila, which contains
two AGO subfamily proteins, both Argonautes can inhibit trans-
lation but by different mechanisms. AGO2 specifically represses
the cap recognition step, whereas AGO1 induces deadenylation
of target mRNAs and, secondarily, blocks translation downstream
from cap recognition (lwasaki et al., 2009; Fukaya and Tomari,
2012). Indeed, alternative sRNA effector complexes, including
AGO-PIWI polypeptides and associated factors such as GW-
repeat proteins, as well as specific features of the sRNA binding
site and the proteins associated with a given target transcript may
determine the actual mode of SRNA-mediated repression (Bartel,
2009; Gu et al., 2009; Fabian et al., 2010; Huntzinger and Izaurralde,
2011).

Despite these advances, our mechanistic understanding of the
sRNA-mediated inhibition of translation at postinitiation steps is
still very limited. Several ribosomal proteins have been implicated
in sRNA-triggered silencing (Pinon et al., 2008; Zhou et al., 2008;
Chan and Slack, 2009), although, in mammalian cells, relief of
miRNA repression of translation by depletion of ribosomal pro-
teins may be caused indirectly by activation of the p53 pathway
(Janas et al., 2012). Nonetheless, certain ribosomal proteins have
been demonstrated to coimmunoprecipitate with Argonautes and
other components of sRNA effector complexes (Ishizuka et al.,
2002; Landthaler et al., 2008; Zhou et al., 2008; Chan and Slack,
2009). In nematodes and mammals, it was recently demonstrated
that the RECEPTOR FOR ACTIVATED C-KINASE1, an integral
component of the 40S ribosomal subunit, is required for the as-
sociation of miRNA effector complexes with translating ribo-
somes and may contribute to silencing at a postinitiation step
(Jannot et al., 2011). Similarly, Argonaute proteins can form
a complex with PUF (Pumilio/FBF) RNA binding proteins and with
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eukaryotic translation elongation factor 1A, reducing its ability to
hydrolyze GTP (Friend et al., 2012). This complex attenuates
translation elongation perhaps by interfering with the proper de-
livery of aminoacylated tRNAs to the ribosome (Friend et al.,
2012). However, in this experimental system, target specificity
was conferred by the PUF proteins and it remains to be examined
whether sRNA-guided AGO proteins can recruit a similar complex
to mRNA targets and elicit the same regulatory mechanism.
Nevertheless, these studies, taken together, indicate that AGOs
or sRNA-guided effector complexes may interact with ribosomes
and/or other components of the translation machinery to bring
about translation inhibition at postinitiation steps in metazoans.

In land plants and algae, repression of protein synthesis by
sRNAs remains poorly characterized (Lanet et al., 2009; Voinnet,
2009; Yu and Wang, 2010; Cerutti et al., 2011; Yang et al., 2012).
Our observations suggest that, in C. reinhardtii, sSiRNA-mediated
translation inhibition of the MAA7 transcript occurs in a dead-
enylation-independent manner (Figure 3E). Suc density gradient
ultracentrifugation analysis, separating mRNAs according to the
number of associated ribosomes, has been the main experimental
technique used to support either the initiation or postinitiation
modes of sSRNA repression (Huntzinger and |zaurralde, 2011). In
this approach, cells/organisms are commonly treated with cy-
cloheximide to freeze translating ribosomes on mRNAs. After the
addition of a high molar excess of cycloheximide, the first ribo-
some initiating on a MRNA becomes locked over the start codon,
preventing the loading of additional ribosomes and elongating
ribosomes become blocked on their progression (Pestova and
Hellen, 2003; Schneider-Poetsch et al., 2010). Hence, this
experimental condition should ideally reflect the in vivo ribo-
some occupancy and ribosome density on a given transcript
(Hendrickson et al., 2009; Huntzinger and Izaurralde, 2011). Since
MAAY7 repressed transcripts were found associated with bona
fide translating ribosomes in the high cycloheximide Suc density
gradient assays (Figure 4), siRNA-mediated inhibition of protein
synthesis in C. reinhardtii appears to occur at a postinitiation step.
Interestingly, in ribosome run-off experiments in the presence of
low concentrations of cycloheximide (unable to cause total
elongation block), the MAA7 and the AOCS5 transcripts were
moderately but consistently depleted from the polyribosomal
fractions in translationally repressed strains in comparison with
the wild type (Figure 6; see Supplemental Figure 8 online). The
simplest interpretation of these results suggests that ribosome
run-off (i.e., elongation and normal termination) and/or drop-off
(i.e., premature, abnormal termination) can still occur on the siRNA
inhibited MAA7 and AOC5 mRNAs in the presence of a low dose
of the antibiotic.

The ribosome run-off assays imply that siRNA-repressed ribo-
somes are more active (less inhibited) than normal ones under low
concentrations of cycloheximide. Moreover, in in vivo 18-h ex-
periments with sublethal concentrations of cycloheximide, accu-
mulation of TSP is blocked in the translationally competent
CC-124 strain, without a significant decrease in TSR abundance
since this is a long-lived protein (Figure 7B). By contrast, in the
translationally repressed Maa7-IR44s strain, TSR protein levels in-
crease in the presence of low concentrations of cycloheximide,
indicating that the ribosomes can still translate the MAA?7 transcript
(Figure 7B). The loading of the lanes in Figure 7B is normalized for

equal number of cells and is therefore indicative of average protein
content per cell at the end of the 18-h experimental period. Since
antibiotic-treated cells, as previously reported (Bulté and Bennoun,
1990), are arrested in growth and division, the observed changes in
protein content largely reflect what occurs in the initially inoculated
cells. However, C. reinhardtii in control medium undergoes one or
two rounds of cell division during the 18-h experimental period and
the corresponding increase in culture protein accumulation (as
a consequence of an increase in cell numbers) is not displayed in
Figure 7B. Taking these technical aspects into consideration, the
results suggest that siRNA-repressed ribosomes have reduced
sensitivity to inhibition by cycloheximide, allowing translation of the
TSP protein from the MAA?7 transcript in the presence of sublethal
concentrations of the antibiotic. Interestingly, pretreatment of the
mammalian ECV-304 cell line with cycloheximide also partly re-
lieves the miRNA-mediated repression of a Renilla luciferase re-
porter (Detzer et al., 2011).

In the recently solved crystal structure of the Tetrahymena
thermophila 60S ribosomal subunit, cycloheximide was shown
to bind in a tight pocket of the E site, previously identified as the
binding site for 3’-terminal nucleotides of deacylated tRNAs in
the archaeal ribosome (Klinge et al., 2011). This is in agreement
with observations in C. reinhardtii where substitutions of a Pro
residue in ribosomal protein L41 (named L36a in higher eukar-
yotes), which is a conserved component of the T. thermophila
cycloheximide binding pocket (Klinge et al., 2011), confer re-
sistance to cycloheximide (Stevens et al., 2001). Occupation of
the E site by both cycloheximide and a deacylated tRNA, ef-
fectively trapping deacylated tRNA at the E site, is thought to
block eukaryotic ribosome translocation (Pestova and Hellen,
2003; Schneider-Poetsch et al., 2010; Budkevich et al., 2011).
Antibiotics binding to the aminoacy! site, such as anisomycin, or
to the decoding center, such as paromomycin, of the ribosome
have no effect on siRNA-mediated translation repression in C.
reinhardtii (see Supplemental Figure 9 online). Thus, our findings
are consistent with a fairly specific alteration(s) of the function/
structural conformation of translating ribosomes, mediated by
siRNA-effector complexes, which may also affect the binding
and/or the action of certain antibiotics such as cycloheximide.
However, the exact mechanism of translation repression in-
duced by sRNAs in C. reinhardtii remains to be elucidated.

We previously argued, based on phylogenetic and taxonomic
distribution analyses, that fairly complex RNAi machinery was
already present in the last common ancestor of eukaryotes
(Cerutti and Casas-Mollano, 2006). This ancestral RNAi ma-
chinery may have been capable of both sRNA-guided transcript
degradation as well as transcriptional repression, both wide-
spread sRNA-mediated processes among living eukaryotes
(Cerutti and Casas-Mollano, 2006; Voinnet, 2009; Cenik and
Zamore, 2011). By contrast, reports of SRNA-induced translation
repression were initially limited to animals and land plants,
suggestive of a more recently evolved mechanism confined to
certain lineages (Voinnet, 2009; Fabian et al., 2010; Yu and
Wang, 2010; Huntzinger and Izaurralde, 2011). However, current
evidence indicates that sRNAs can inhibit translation in a much
wider range of eukaryotes, including the protozoan parasite G.
lamblia, the diatom P. tricornutum, and the green alga C. rein-
hardtii (this work; De Riso et al., 2009; Li et al., 2011; Saraiya
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et al., 2011). Additionally, there is experimental support for the
association of sSRNAs and of Argonautes with polyribosomes in
the parasites Trypanosoma brucei and Toxoplasma gondii (Djikeng
et al., 2003; Shi et al., 2009; Braun et al., 2010). Given the much
wider taxonomic distribution of sSRNA-mediated translation
repression, it is tempting to speculate that a basic process of
protein synthesis inhibition may have been another feature of
an ancestral RNAi machinery.

METHODS

Transgenic Strains, Mutants, and Culture Conditions

Chlamydomonas reinhardltii transgenic strains containing IR constructs ho-
mologous to AOC5, AOC5/Cre16.9662000, or MAA7 were generated as
previously described (Rohr et al., 2004; Kim and Cerutti, 2009). DNA frag-
ments for building the IR constructs were generated by RT-PCR amplification
with the following primers: for AOC5, AA-Per-1 (65'-GCTGACGAGTCTGTG-
GAGACG-3’) and AA-Per-2 (5'-CTTACTCACGCCCAGCAGAGA-3'); and for
Cre16.9662000, Helic-F1 (5'-GGATGACGTGATCGCCAAG-3') and Helic-R2
(5'-GGCCTGAATCCCATGTCTAGC-3'). The AOC5 primers amplify a 930-bp
fragment that was digested with Nhel to generate a 3’ segment of 380 bp
used to build the IR transgene (see Supplemental Figure 1 online). The IR
construct targeting the MAA7 3" UTR has already been described (Rohr et al.,
2004). The Cre10.g420400-deleted strain, lacking EXP5, was obtained in an
insertional mutagenesis screen designed to isolate mutants defective in RNAI
in C. reinhardtii (Ibrahim et al., 2006, 2010). Unless noted otherwise, C.
reinhardftii cells were grown photoheterotrophically in Tris-Acetate-Phosphate
(TAP) medium or photoautotrophically in minimal high salt medium (Harris,
1989). For phenotypic analyses, cells grown to logarithmic phase in TAP or
high salt media were serially diluted, spotted on plates of the appropriate
media (see figure legends), and incubated for 7 to 15 d under dim lights (Rohr
et al., 2004). The antibiotic concentrations used in in vivo experiments were
previously demonstrated to be inhibitory of protein synthesis in C. reinhardtii
(Bulté and Bennoun, 1990).

RNA Analyses

Total cell RNA was purified with TRI reagent (Molecular Research Center),
following the manufacturer’s instructions. For RNA gel blot analyses of mRNAs,
the isolated RNA was separated by agarose/formaldehyde gel electrophoresis,
blotted onto nylon membranes, and hybridized with 32P-labeled probes
(Sambrook and Russell, 2001; Rohr et al., 2004). For sRNA analyses, total RNA
samples were resolved on 15% polyacrylamide/7 M urea gels and electro-
blotted to Hybond-XL membranes (GE Healthcare) (Sambrook and Russell,
2001; Rohr et al., 2004). Blots were hybridized with 32P-labeled DNA probes at
40°C for 48 h using the High Efficiency Hybridization System (Molecular
Research Center). Specific miRNAs were detected by hybridization with DNA
oligonucleotides labeled at their 5’ termini with [y-*?PJATP and T4 Poly-
nucleotide Kinase (New England Biolabs). The poly(A) tail length of specific
transcripts was estimated using a G/l tailing protocol followed by RT-PCR
analysis (Kusov et al., 2001), according to a commercially available kit (USB;
Affymetrix). The primer sequences for the poly(A) tail analyses were as follows:
for ACT1, ACT-3'UTR-PF4 (5'-AAGATATGAGGAGCGGGTCA-3') and ACT-
3'UTR-PR2 (5'-AAATGGTCCGAGCAGGTTTT-3'); and for MAA7, MAAT7-
3'UTR-PF1 (5'-GTGATTGAAAGGGGAGCGTA-3') and MAA7-3'UTR-PR1
(5'-ACATGCGATTGGTAGCAACA-3').

Immunoblot Analyses

The C. reinhardtii TSR protein was immunodetected, following a standard
procedure (Rohr et al., 2004), by overnight incubation at 4°C with a 1:5000
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dilution of a rabbit antibody raised against the full-length recombinant
protein (GenScript). A modification-insensitive polyclonal antibody (Abcam
ab1791) was used to detect histone H3.

RT-PCR Analyses

Total RNA was isolated with TRI reagent, and contaminant DNA was re-
moved by DNase-| treatment (Ambion). First-strand cDNA synthesis and
PCR reactions were performed as previously described (Sambrook and
Russell, 2001; Rohr et al., 2004). PCR products were resolved on 2%
agarose gels and visualized by ethidium bromide staining (Sambrook and
Russell, 2001). The number of cycles showing a linear relationship between
input RNA and the final product was determined in preliminary experiments.
Controls included the use as template of reactions without RT and verifi-
cation of PCR products by hybridization with specific probes (data not
shown). The primer sequences were as follows: for AOC5, AA-Per-3(F)
(6'-CTTCAAAGTGCCGCTGTACCC-3') and AA-Per-4(R) (5'-GTCTCCACA-
GACTCGTCAGCA-3'); for EXP5, Mut3-cod-F1 (5'-ACAGGGACGCAGT-
CAAGG-3') and Mut3-cod-R2 (5'-CCAGGCTCAGGACCATGTAG-3'); and
for ACT1, ACT-cod-F (5'-GACATCCGCAAGGACCTCTAC-3’) and ACT-
cod-R (5'-GATCCACATTTGCTGGAAGGT-3'). The Cre16.9662000 gene,
encoding a putative RNA helicase, has a very close paralog in the C.
reinhardtii genome (Cre16.g661900). Thus, to avoid amplification of the
related transcript, reverse transcription was performed with a Cre76.
9662000-specific primer (Helic-R7, 5'-CACATCCGAGCTGAACATGAC-3’)
and then PCR was performed with Helic-F2 (5'-CCAAATTTCCAA-
GATCCTCAGC-3’) and Helic-R4 (5'-AGCATGACGTCGCGCTTG-3').

Sequencing of sRNAs Matching the MAA7 Transcript

The sRNA fraction was precipitated from 300 pg of total RNA isolated from
strain Maa7-IR44s, and a cDNA library was constructed and sequenced
on an lllumina Genome Analyzer Il as previously described (Lu et al., 2007;
Ibrahim et al., 2010). After sequencing, the adapter sequences were
removed and sequences shorter than 18 nucleotides or longer than 28
nucleotides were discarded. Sequence reads were compared with the C.
reinhardtii genome version 4.0, ESTs, predicted transcripts, transposons,
and bonus reads (http://genome.jgi-psf.org/Chlre4/Chlire4.download.ftp.
html). Sequences matching tRNAs, rRNAs, small nuclear RNAs, small
nucleolar RNAs, the chloroplast, or the mitochondrial genomes were
removed. The remaining sRNAs were normalized to transcripts per million
(Ibrahim et al., 2010). All sequences matching the MAA7 mRNA (see
Supplemental Data Set 1 online), with one mismatch allowed, were then
extracted from this population.

Polyribosome Profile Analyses

C. reinhardtii strains were grown to mid logarithmic phase in liquid TAP
medium, ~8 X 108 cells pelleted by centrifugation, and resuspended in 10
mL of the same medium. Resuspended cells were incubated under dim
lights and constant shaking for 15 min in the presence of 150 pwg/mL
cycloheximide, 30 wg/mL cycloheximide, or 300 wg/mL puromycin. In the
no-antibiotic experiments, the TAP medium contained an amount of
ethanol (solvent) equivalent to that added with the antibiotics. Cells were
then pelleted again and resuspended in 10 mL of lysis buffer (25 mM Tris-
HCI, pH 7.5, 150 mM KCI, 5 mM MgCl,, and 1 mM DTT) containing the
same antibiotics or solvent control and supplemented with an EDTA-free
protease inhibitor cocktail (Sigma-Aldrich). From this step on, cells and
lysates were always kept on ice. Cells were broken by one passage
through a French press at a pressure of ~2000 p.s.i. To complete cell
lysis, 0.1 volume of 5% sodium deoxycholate, pH 8.0, was added to the
lysates and mixed gently for ~5 min. Cell extracts were then centrifuged at
10,000g for 10 min at 4°C. Supernatant concentrations were normalized
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by measuring absorbance at 254 nm, and a 0.125 volume of 10% Triton
X-100 was added gently. Finally, ~600 L of the clarified cell extracts were
layered on 4.5 to 45% (w/v) Suc gradients prepared in 25 mM Tris-HCI, pH
7.5,150 MM KCl, 5 mM MgCl,, 1 mM DTT, and 0.5 mg/mL heparin and then
centrifuged for 2.5 h at 260,000g in a Beckman SW41 rotor. Gradients were
fractionated with an ISCO system while monitoring absorbance at 254 nm.
Total RNA was purified from each fraction by two phenol/chloroform ex-
tractions and ethanol precipitation. Specific transcripts were detected by
slot blot hybridization of RNA treated with DNase-I (Ambion) to remove any
contaminating DNA (particularly in subpolyribosomal fractions). sRNAs
were isolated as previously described (Djikeng et al., 2003). For EDTA
treatment, antibiotics were omitted and EDTA was added to 50 mM in the
lysis buffer and to 10 mM in the Suc gradients.

Accession Numbers

Sequence data for the genes discussed in this article can be found in
Phytozome v9.0 (www.phytozome.net; C. reinhardtii v5.3.1) under the
following accession numbers: Cre03.9161400.t1.2 (MAA7), Cre07.
g329050.t1.2 (AOC5), Cre10.9420400.t1.2 (EXP5), Cre13.9603700.t1.2
(ACT1), and Cre16.9662000.t1.2 (putative ATP-dependent RNA helicase).
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Supplemental Figure 1. Schematic diagrams of inverted repeat (IR) transgenes used to induce RNA
interference (RNAi) in Chlamydomonas.

(A) Diagram of the construct triggering AOCS5 silencing. A 380-bp fragment, corresponding to the AOC5 3’ UTR, was
cloned in forward and reverse orientations flanking a DNA spacer and placed under the control of PsaD (encoding a
Photosystem | subunit) regulatory sequences. This IR transgene was designed to generate, upon transcription, an
RNA containing a double-stranded stem loop structure that can be processed into small interfering RNAs (siRNAs).
The previously engineered Aminoglycoside Phosphotransferase gene (aph7), conferring resistance to hygromycin B
(HYG") (Berthold et al., 2002), was placed immediately downstream from the AOCS5 IR transgene. Restriction sites: K,
Kpnl; N, Ncol; Nt, Notl; P, Pstl; S, Spel; X, Xbal.

(B) Diagram of the construct triggering AOC5 and Cre16.9g662000 (encoding a putative RNA helicase) silencing. A
400-bp fragment, corresponding to the Cre16.9662000 coding sequence (Helic cod sq), was cloned in sense and
antisense orientations, flanking a DNA spacer, in between the arms of the AOC5 3’ UTR inverted repeat. This tandem
IR transgene was designed to generate a double-stranded RNA transcript that can be processed into both AOC5 and
Cre16.g662000 (Helic) siRNAs.
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Supplemental Figure 2. Abundance of the MAA7 (encoding tryptophan synthase p subunit) mRNA and
siRNAs in transgenic strains undergoing RNA-mediated silencing.

(A) MAA7Y transcript levels in Maa7-IR transgenic strains and the CC-124 untransformed wild type strain. Total cell
RNA was separated in agarose gels under denaturing conditions and hybridized to the MAA7 coding sequence. The
same blots were re-probed with the ACT71 (encoding actin) coding sequence. Radioactive signal intensities from
phosphorimager images were quantified with Imagequant TL software and the MAA?7 transcript levels normalized to
those of the ACT1 mRNA for each sample. For illustration purposes, the normalized MAA7 amount in CC-124 was
set to 1.0 and the remaining samples adjusted accordingly in the bar graph. The values represent the average of four
independent experiments +/- SEM.

(B) Small interfering RNAs (siRNAs) matching perfectly to the MAA7 mRNA 3’ UTR in strain Maa7-IR44s. The
location and abundance (as transcripts per million, TPM) of sense and antisense siRNAs are shown on the diagram.
The nucleotide frequency at the 5’ end of the siRNAs is also indicated.
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Supplemental Figure 3. A Chlamydomonas Exportin 5 deletion mutant shows reduced steady-state levels of
several endogenous microRNAs.

(A) Diagram of the Cre10.9g420400 gene, encoding the C. reinhardtii exportin 5 ortholog. The dark horizontal bar
indicates the extent of the deletion in the Maa7-IR44s(exp5) mutant.

(B) Reverse Transcriptase (RT)-PCR analysis of Exportin 5 steady-state mRNA levels in the indicated strains.
Amplification of ACT1 transcripts is shown as an input control. The panels show reverse images of agarose gel
fractionated RT-PCR products corresponding to representative results out of three independent experiments.
Reactions using RNA not treated with reverse transcriptase as the template were employed as a negative control
(data not shown). CC-124, wild type strain; Maa7-IR44s, CC-124 transformed with an IR transgene targeting the 3’
UTR of MAA? for silencing; Maa7-IR44s(exp5), Maa7-IR44s strain containing the Cre10.g420400 deletion.

(C) RNA gel blot analyses of small RNAs isolated from the indicated strains and detected with probes specific for
several Chlamydomonas miRNAs. Cad112, candidate miRNA 112. The same filters were re-probed with the U6 small
nuclear RNA sequence as a control for equivalent loading of the lanes.
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Supplemental Figure 4. Schematic diagram of the G/l tailing protocol used to examine mRNA poly(A) tail
length.

A limited number of guanosine and inosine residues were first added to the 3’ ends of transcripts by poly(A)
polymerase. Tailed RNAs were then converted to DNA by reverse transcription using the newly added G/I tails and 2
nucleotides of the endogenous poly(A) tail as the priming sites. Finally, PCR amplification products were generated
using two primer sets. A gene-specific forward and reverse primer set, designed to anneal upstream of the
polyadenylation site, was used to produce a specific fragment that serves as a control for the gene of interest. The
gene-specific forward primer and a universal reverse primer were used to generate another PCR product that
includes the poly(A) tail of the gene of interest. After separating the PCR products on an agarose gel, the poly(A) tail
length of the gene of interest can be determined by subtracting from the length of the poly(A) PCR product the length
of the universal reverse primer and the distance of the gene-specific forward primer to the known polyadenylation
start site.
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Supplemental Figure 5. Distribution of MAA7 siRNAs in sucrose density gradients of the Maa7-IR44s and
Maa7-IR5 strains, assessed by RNA gel blot hybridization.

Numbers above the blots indicate pooled gradient fractions. The upper panels show typical polyribosome profiles of
the indicated strains treated with 150 ug/ml cycloheximide throughout lysis and ultracentrifugation procedures. M,
monoribosomes; Poly, polyribosomes. Maa7-IR5, strain expressing a MAA7 IR transgene that induces target mMRNA
degradation (Rohr et al., 2004). Please note than in order to improve isolation of small RNAs cell extracts were
separated through low salt sucrose gradients, as previously described (Djikeng et al., 2003).
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Supplemental Figure 6. Migration of MAA7 and ACT1 transcripts in sucrose density gradients when
examining cell extracts in the presence of 50 mM EDTA.

(A) Typical polyribosome profiles of the indicated strains. EDTA disrupts ribosome subunit association and the
expected location of monosomes (M) and polyribosomes (Poly) is indicated on the graphs (upper panels). The
distribution of the MAA7, ACT1, and 18S rRNA transcripts in the gradient fractions was examined by slot blot
hybridization (lower panels).

(B) Distribution of ACT1 and MAA7 mRNAs across the EDTA sucrose density gradients for the CC-124, Maa7-IR44s,
and Maa7-IR44s(exp5) strains. The values represent the average of two independent experiments.



Supplemental Data. Ma et al. Plant Cell. (2013). 10.1105/tpc.113.109256

=y
(=3
o

Ribosomal mRNA [% of total]

90

B 100

20
80
70
60
50
40
30

Ribosomal mRNA [% of total]

C 100

20
80
70
60
50

Ribosomal mRNA [% of total]

Supplemental Figure 7. Ribosome occupancy, the fraction of a specific mMRNA associated with ribosomes, for
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the MAA7 and ACT1 transcripts after separation on sucrose density gradients.

(A) Ribosome occupancy in the indicated strains treated with 150 ug/ml cycloheximide throughout lysis and
ultracentrifugation procedures. The values represent the average of three independent experiments +/- SEM.

(B) Ribosome occupancy in the indicated strains after sucrose density gradient ultracentrifugation of cell extracts
subjected to ribosome run-off in the absence of cycloheximide. The values represent the average of three

independent experiments +/- SEM.

(C) Ribosome occupancy in the indicated strains after sucrose density gradient ultracentrifugation of cells extracts
subjected to ribosome run-off in the presence of 30 ug/ml cycloheximide. The values represent the average of three
independent experiments +/- SEM. Samples marked with an asterisk are significantly different (P<0.05) in a two tailed

Student’s t-test.
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Supplemental Figure 8. IR-repressed AOCS5 transcripts are moderately depleted from polyribosomal fractions
after ribosome run-off assays in the presence of low concentrations of cycloheximide.

(A) Typical polyribosome profiles of the indicated strains treated with 30 ug/ml cycloheximide throughout lysis and
ultracentrifugation procedures (upper panels). M, monoribosomes; Poly, polyribosomes. The distribution of the AOC5
and ACT1 transcripts in the gradient fractions was examined by RT-PCR (lower panels).

(B) Distribution of ACT7 and AOC5 mRNAs across polyribosome profiles of the CC-124 and Aoc5/Helic-IR4 strains.
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Supplemental Figure 9. TSP protein synthesis from the MAA7 transcript, subjected to siRNA-mediated
translation repression, is not affected by treatment with paromomycin, anisomycin, or by slow growth on
minimal medium.

(A) Growth and survival of the indicated strains on Tris-Acetate-Phosphate medium without (upper panels) or with
(lower panels) 7 uM 5-fluoroindole supplemented with solvent (Ctrl) or with a sub-lethal concentration of
paromomycin (Paro, 1.5 ug/ml). Cells grown to logarithmic phase in TAP medium were serially diluted, 5 ul-aliquots
spotted on plates, and incubated for 7 to 15 days under dim lights. Maa7-IR5, strain expressing a MAA7 IR transgene
that induces target mRNA degradation (Rohr et al., 2004). Please note that this strain also carries an aminoglycoside
3’-phosphotransferase transgene and is therefore insensitive to paromomycin.

(B) Immunoblot analyses of TSB and histone H3 protein levels. Cells from the indicated strains were cultured for 18 h
in liquid TAP medium alone or containing 0.8 ug/ml paromomycin. Proteins corresponding to equal numbers of cells
were loaded per lane. Since aminoglycoside 3’-phosphotransferase inactivates paromomycin in Maa7-IR5, the
antibiotic has no effect on histone H3 accumulation (and on overall protein synthesis) in this strain.

(C) Growth and survival of the indicated strains on Tris-Acetate-Phosphate medium without (upper panels) or with
(lower panels) 7 uM 5-fluoroindole supplemented with solvent (Ctrl) or with a sub-lethal concentration of anisomycin
(Aniso, 1.0 ug/ml).

(D) Immunoblot analyses of TSP and histone H3 protein levels. Cells from the indicated strains were cultured for 18 h
in liquid TAP medium supplemented with solvent (Ctrl) or containing 0.6 ug/ml anisomycin. Proteins corresponding to
equal numbers of cells were loaded per lane.

(E) Growth and survival of the indicated strains in High Salt (HS) minimal medium without (left panel) or with (right
panel) 7 uM 5-fluoroindole. Cells grown to logarithmic phase in HS medium were serially diluted, 5 ul-aliquots spotted
on plates, and incubated for 7 to 15 days under dim lights.



Supplemental Data. Ma et al. Plant Cell. (2013). 10.1105/tpc.113.109256
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