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ABSTRACT
Transposable elements (TEs) are acknowledged sources of genetic change within
organisms. The effects of transposition can range from the disruption or creation of a
single gene to large-scale genome rearrangements. Transposition events can result in
beneficial mutations which allow an organism to adapt to a new environment. In the last
three years, several studies have reported that some miRNAs, small RNAs involved in
post-transcriptional gene regulation, have evolved from TEs. miRNAs play an important
role in the stress responses of many organisms. Interestingly, TEs are derepressed under
the same stress conditions that miRNAs are known to ameliorate. The observation that
miRNAs are known to evolve from TEs and that TEs are derepressed under stress
conditions lead me to question whether TEs play a role in environmental adaptation
through the creation of small RNA networks. To test this idea, Chlamydomonas
reinhardtii cultures were grown under low carbon, nitrate enriched conditions and the
small RNA pool was analyzed. I found that these conditions do stimulate the expression
of novel small RNAs and that some of these RNAs and their targets are derived from
transposition events.
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INTRODUCTION
Transposable elements (TEs) are segments of DNA capable of duplicating and/or
reinserting themselves into new locations within a genome through either RNA (Class 1)
or DNA (Class 2) intermediates [1-3]. Genomic analyses indicate that these elements are
present in all cells to a surprising degree, comprising approximately 45% of the human
genome and as much as 60-80% of grass genomes [4]. The precise role of TEs within a
genome has been the subject of debate since their discovery in the late 1940’s [3, 5].
Ideas have ranged from certainty that there must be some adaptive role for TEs to a
complete dismissal of these elements as genomic parasites that have no purpose beyond
their own propagation, often at the expense of their host. Growing evidence over the last
fifteen years suggests that although TEs are indeed genome parasites, there are numerous
examples of how they have been “domesticated” to fulfill sometimes vital roles in the cell
[6]. Through the process of transposition, TEs can add exons to or disrupt the coding
sequence of existing genes, change the regulatory regions of a gene leading to a change in
its expression pattern, or facilitate recombination leading to both local and large-scale
genome rearrangements. There are examples of TEs themselves becoming transcribed
into functional genes. One striking example of TE exaptation involves the recruitment of
the reverse transcriptase from a LINE element to form telomerase, the enzyme critical
for DNA replication in eukaryotes [7]. Some TE exaptations have been shown to help
the host adjust to environmental stressors. The California population of Drosophila
simulans experienced a transposition event which changed the expression pattern of the
Cyp6g gene conferring increased pesticide resistance. This transposition is absent from
the African population indicating a selective sweep of this mutation among California
individuals.

Other examples of TE exaptation include the increased resistance to

methylammonium experienced by Chlamydomonas reinhardtii in response to TE lesions
near the AMT4 gene [8], the formation of polyadenylation signals from Alu insertions in
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multiple human genes [9], and the reduced susceptibility to Rice Dwarf Virus
experienced in an Oryza sativa mutant due to an insertion of a Tos17 element into an
NAC-domain protein [10]. The examples of beneficial mutations caused by transposition
are numerous leading to acceptance of their substantial impact on adaptation.
The mutations caused by TEs are most often deleterious, as is the normal outcome
of most types of sequence alteration.

Because of this, host genomes have developed

elaborate mechanisms designed to control the spread of TEs. RNAi, a small RNA
(smRNA)-dependent process involved in gene silencing, is thought to have originally
evolved as a genome defense mechanism for controlling the spread of transposable
elements and retroviruses [11, 12]. Over time, this mechanism has diversified and can
now control endogenous gene expression in addition to TE propagation. The RNAi
mechanism includes three classes of smRNAs which control TE propagation and gene
expression in different ways:

Short interfering RNAs (siRNAs), 21-24mer RNA

molecules derived from long double-stranded RNA precursors, that are implicated in cisand trans-gene silencing, DNA methylation, and TE repression in eukaryotic cells; piwiinteracting RNAs (piRNAs), 28-30mer RNAs, that specifically repress TEs in metazoan
germ line cells; and microRNAs (miRNAs), 20-22mer RNAs derived from
approximately 150nt long hairpin precursors, that are primarily linked to posttranscriptional gene regulation [13]. Post-transcriptional gene regulation is accomplished
after the 20-24mer smRNA is processed from its precursor by the nuclease Dicer and
incorporated into a large protein complex called the RISC complex. The smRNA acts as
a guide and through standard Watson-Crick base pairing directs the RISC complex to a
complementary region within a target mRNA.

If the smRNA is almost perfectly

complementary to its target (no more than three mismatches are allowed) the RISC
complex will cleave the mRNA at the hybridization site leading to mRNA degradation.
If the complementarity of the smRNA is limited primarily to the its first 8 bases, the
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RISC complex will not cleave the target but remain bound to the target mRNA
preventing translation [13, 14].
That smRNAs control TE propagation and that the RNAi mechanism gave birth to
a method of endogenous gene control has been known for years [13, 14]. A direct
connection between TEs and endogenous gene control has come to light only very
recently, however. Four studies released within the last three years have reported the
direct evolution of miRNAs from TEs. Borchert et al were the first to identify Aluderived miRNAs within the human genome [15].

They were quickly followed by

Piriyapongsa et al who found Miniature Inverted Transposable Element (MITE)-derived
miRNAs in both human [16] and plant genomes [17]. Finally, Lanier and co-authors
reported TE derived miRNAs in the unicellular green alga Chlamydomonas reinhardtii
[18]. This discovery lead to exciting new hypotheses regarding the evolution of miRNAmediated gene regulatory networks from TEs [19]. The current model for the creation of
TE-derived miRNA networks (Figure 1) suggests that TEs insert in one orientation in a
transcriptionally active region of the genome to form the miRNA locus and in the
opposite orientation within a gene to form the miRNA target. When the miRNA locus is
transcribed, the smRNA is processed and directed into the RNAi machinery where it
seeks complementary sequences within mRNA targets leading to post-transcriptional
repression [19].

Because the same TE was inserted within the target gene, a

complementary region is available and the target is repressed. The derivation of both the
target and the locus from the same TE could explain why there is often a striking level of
sequence similarity surrounding the miRNA and its target sequence in plants [14].
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Figure 1. The evolution of smRNA networks from TEs. The process begins
when (A) a TE is reactivated and transposes into both a transcriptionally active region of
the genome to form the smRNA loci and a gene to form the future target. The insertions
of the TE are in opposite orientations. (B) Post-transcriptional regulation occurs when
both the smRNA loci and its target are transcribed. The smRNA locus is processed into a
20-24mer smRNA by a nuclease referred to as Dicer then incorporated into the RISC
silencing complex. Here, it acts as a guide, and through standard Watson-Crick base
pairing directs the silencing complex to complementary regions within other mRNA
transcripts. Because the same TE inserted into the target gene in the opposite orientation,
the gene has a region which is complementary to the smRNA and the RISC complex
binds the target. From here, depending on the amount of complementarity between the
smRNA and its target, it can either cleave the mRNA transcript leading to degradation or
can remain bound to the transcript leading to translational repression.
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Studying the exaptation of miRNAs and their target sequences from TEs can
provide important insight into how complex miRNA regulatory networks are established,
particularly those networks involved in response to biotic and abiotic stressors. miRNAs
are critical for gene regulation under stress conditions. Oxidative stress is ameliorated in
Arabidopsis by the downregulation of miR398 which relieves its repression of two Cu/Zn
superoxide dismutases. These proteins can then scavenge the superoxide radicals formed
during oxidative stress and prevent cellular damage [20]. Salt stress is mitigated by
several miRNAs in maize [21]. Many other biotic and abiotic stresses, such as pathogen
invasion, nutrient deprivation, heat, and cold are combated in part by miRNA-mediated
gene regulation [22, 23]. Interestingly, TEs are upregulated by these same stressors in
plants, animals, and fungi [3, 24-29]. Because of this, TE insertions which create
miRNA loci and targets could potentially be increased in times of stress providing an
organism with an additional way to adapt to their environment. It has long been
suggested that TEs may play an adaptive role in abating “genomic stresses” experienced
by their hosts [3, 5, 6, 26]. As discussed earlier, many instances of transpositions are
known that resulted in beneficial mutations which help the host cope under conditions of
stress. Because miRNAs are known to be derived from TEs, the observation that TEs are
often derepressed specifically in cases of biotic and abiotic stress provides significant
clues to the creation of miRNA-based stress response networks.
Prior to the research reported here, no one had tried to find a link between TEs,
miRNAs, and adaptation to stress within a single study. I sought to determine whether
exposure to nutrient stress would increase the likelihood of finding novel TE-derived
smRNAs in the unicellular, model green alga Chlamydomonas reinhardtii. This was
accomplished by growing Chlamydomonas cultures in a modified f/2 medium which
utilized nitrate as its nitrogen source and did not provide acetate as an additional source
of carbon.

Previous studies of Chlamydomonas smRNAs have been conducted by

growing strain CC-1690 in standard TAP medium which provides ammonium as its
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nitrogen source and acetate as an additional carbon source [30, 31]. The nitrate/acetatefree conditions utilized in this study were more stressful for two reasons.

First,

ammonium is the preferred nitrogen source for photosynthetic eukaryotes because nitrate
must be converted into ammonium through an additional energy-demanding two step
reduction process prior to assimilation [32]. It is estimated that 20% of the reducing
power generated by photosynthesis is used in this process [33]. The stress caused by the
additional cost of reducing nitrate to ammonium was exacerbated by the second reason
these conditions were more stressful, the lack of acetate as an additional carbon source.
Once nitrate has been reduced to ammonium, the nitrogen is incorporated into organic
compounds through the GS/GOGAT pathway. Only after this assimilation step can
amino acids, nucleotides, and other nitrogenous compounds be synthesized. In order to
complete the nitrogen assimilation process, the photosynthetic organisms must be able to
provide sufficient carbon skeletons to incorporate all of the reduced nitrogen [34-36]. At
atmospheric levels of CO2 as were used in this study, Chlamydomonas has been shown to
excrete nitrogenous compounds into the media because it lacks sufficient carbon
resources to incorporate all of the reduced nitrate [33, 35, 37, 38]. Adding acetate to the
medium as an additional source of carbon has been shown to mitigate this reduction in
nitrogen assimilation capacity [39, 40]. The additional energy and carbon resources
provided by acetate supports a more rapid growth rate and a healthier culture because the
cells are able to synthesize the nitrogenous compounds needed for rapid reproduction.
Because of the use of a nitrate/acetate-free medium in this study, our Chlamydomonas
cultures experienced an enhanced level of nutrient stress than those previously used to
study the smRNA pools in this alga.
It should be noted however that although the growth conditions I used were more
stressful, they are experienced by natural populations. Because of this, Chlamydomonas
can grow successfully under these conditions.

Given this approach, my study was

designed to detect the possible contributions that TEs make to “environmental”
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adaptation in the alga through the creation of novel smRNA networks. The result of this
work leads to two important findings: first, novel miRNAs are produced under the stress
conditions utilized herein, and second, a surprising number of these novel miRNAs are
derived from transposition events.
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MATERIALS AND METHODS
Culturing Conditions
Chlamydomonas

reinhartii

strain

CC-1690

was

obtained

from

The

Chlamydomonas Center, Duke University, Durham, NC. These cells were cultured in
freshwater f/2 medium (Bigelow Labs, Boothbay Harbor, ME) containing CaCl2 and
MgSO4 supplementation (final concentration 0.1g/L and 0.05g/L, respectively.) This
culture medium provided the nitrate/acetate-free stress environment discussed previously.
The Ca/Mg supplementation was designed to make the f/2 medium identical to TAP with
the exception of the presence of nitrate and lack of acetate. Cells were cultured in this
modified f/2 medium at 20oC and with a 12 hour light/dark cycle.
Small RNA Isolation
After two weeks in f/2 medium, the culture was poured into 50mL Falcon conical
tubes. The tubes were centrifuged at 3220 x g for 3 minutes in an Eppendorf 5810R
centrifuge to pellet the cells. The media was poured off and the cells were transferred to
1.5mL microcentrifuge tubes. A total of 1mL Trizol (Invitrogen, Carlsbad, CA) was
added to each tube. The tube was rocked for 10 minutes to lyse the cells. Thereafter,
0.2mL of chloroform was added to each tube. The tubes were shaken vigorously for 15
seconds, and then allowed to rest for 3 minutes prior to centrifugation at 2600 x g for 45
minutes at 4oC. After centrifugation, the clear aqueous layer was extracted and placed in
a new 1.5mL tube and 1mL of isopropanol was added. The tubes were vortexed then
allowed to settle for 10 minutes prior to a second centrifugation a 2600 x g for 45 minutes
at 4oC. The liquid was carefully poured from the tube, and the resulting pellet was
washed by adding 1mL of 75% ethanol to the tube, vortexing, then centrifuging at 1600 x
g for 15 minutes at 4oC.
allowed to air dry.

The ethanol wash was poured from the tube and the pellet was
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The dry pellet was resuspended in 25µL of RNase-free water and quantified using
a Nanodrop machine. A total of 10µg of resuspended RNA was added to an equal
volume of 2X formamide loading dye and 1µL of the miSpike™, the 21nt RNA size
marker included with the miRCat™ Small RNA Cloning Kit (Integrated DNA
Technologies, Coralville, IA), was also added to the RNA/loading buffer mixture. The
RNA was run on a 12.5% denaturing polyacrylamide gel in parallel with a 10-100nt size
ladder. The gel was allowed to run at 210 volts until the lower dye band was near the
bottom of the gel (approximately 2 hours.)

The RNA fragments in the gel were

visualized with GelStar® (Lonza Biosciences, Basel, Switzerland) and the 18-24mer
RNA band was excised from the gel by cutting slightly above and below the miSpike
band. The gel slice was placed in a 1.5mL microcentrifuge tube, crushed, and 200µL of
RNase-free water was added. The tube was heated to 70oC for 10 minutes then vortexed.
The contents of the tube were transferred to a prepared DTR column (Edge Biosystems,
Gaithersburg, MD). The DTR column was centrifuged at 850 x g for three minutes,
discarded, and 3µL 10mg/mL glycogen, 25µL of 3M NaOAc (pH 5.2) and 900µL of ice
cold 100% EtOH was added to the flow through tube. The tube was placed in a -80oC
freezer for 30 minutes and then centrifuged at 16,000 x g for 10 minutes.

The

supernatant was poured off and the pellet air dried.
Cloning and Sequencing of smRNAs
A set of 5’ and 3’ cloning linkers were added to each small RNA according to the
protocol provided in the miRCat™ Small RNA Cloning Kit Technical Manual. Briefly,
an 18bp linker was ligated to the 3’ end of the small RNAs, and then the pool was PAGE
purified as described previously. The gel was visualized with GelStar® and the 36-42nt
RNAs were recovered from the gel as described previously. A 22nt linker was then
ligated to the 5’ end of the small RNAs. The small RNA pool was reverse-transcribed
using the RT primer included with the miRCat™ kit and the SuperScript™III Reverse
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Transcriptase kit (Invitrogen, Carlsbad, CA.) The cDNA pool was PCR-amplified using
the primers included with the miRCat™ kit and the Bioline PCR kit (London, UK.) The
resulting PCR product was cloned using the pGEM® T-Easy Cloning kit (Promega,
Madison, WI) per kit instructions. The transformed JM109 competent cells were grown
on LB/50µg/mL ampicillin/IPTG/X-GAL plates to facilitate antibiotic and blue/white
screening. After incubation at 37oC overnight, large white colonies were picked, added
to 0.5mL thin walled PCR tubes with 20µL of RNase-free water, and boiled at 95oC for 5
minutes to lyse the cells. The PCR tubes were spun to collect cellular debris at the
bottom of the tube, and then 6.8µL of the supernatant was added to a standard Sanger
sequencing reaction mix using the M13 reverse sequence as the primer. The sequencing
was performed on an ABI3700 (Applied Biosystems, Foster City, CA) at the Roy J.
Carver Center for Comparative Genomics facility in the Department of Biology,
University of Iowa.
Analysis of Sequencing Results
Sequence output files were screened for the flanking linker sequences and the
small RNA insert was identified. Each insert was compared via BLAST searches against
previously identified Chlamydomonas smRNAs, the NCBI database, and the
Chlamydomonas reinhardtii genome sequence available from the Joint Genome Institute
(http://genome.jgi-psf.org/Chlre4/Chlre4.home.html [41].) Sequences that did not match
a previously identified RNA sequence, including smRNAs, tRNAs, and rRNAs, and were
found in the Chlamydomonas genome were set aside for further study (see below.)
The genome location of each novel sequence was first determined. The sequence
and its flanking region were analyzed for miRNA-like hairpin structures using version
2.3

of

the

Rensselaer

Polytechnic

Institute

RNA

mFold

server

(http://mfold.bioinfo.rpi.edu/cgi-bin/rna-form1-2.3.cgi) [42]. The fold temperature was
set to 20oC. If the sequence was located within an intron, the entire intron was folded. If
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the sequence was intergenic, a total of 200nt was folded. Sequences which folded into
stable hairpins were designated miRNAs. Sequences which did not fold into hairpins
were designated siRNAs. No sequences were designated as piRNAs due to the band size
excised from the initial isolation gel (18-24mers) and because piRNAs are apparently
limited to metazoan germ line cells.
SmRNA targets were identified through BLAST searches of the Chlamydomonas
reinhardtii v4 Filtered or Best Transcript database (http://genome.jgi-psf.org/cgibin/runAlignment?db =Chlre4&advanced=1) using standard plant target prediction
parameters: near perfect sequence complementarity is required along the entire length of
the smRNA with no more than three mismatches allowed. Identification of TE-derived
smRNAs was accomplished via BLAST searches of the Chlamydomonas reinhardtii
Transposable

Repeat

Library

available

through

JGI

(http://genome.jgi-

psf.org/Chlre4/Chlre4.download.ftp.html). In addition, 200nt of each smRNA locus was
aligned with each target sequence to look for long regions of identity in order to identify
putative transposition events.
Northern Blot Analysis
Northern blots are typically utilized to validate whether a smRNA is a true
product of the cell or merely a byproduct of the degradation of a larger RNA. If the 1824mer is a true product of the smRNA pathway, a band of the proper size should be
detected on the blot. The small RNA Northern blot procedure developed by Lau et al
was used for this purpose [43]. Briefly, total RNA was separated on a 12.5% denaturing
polyacrylamide gel. The first lane of the gel consisted of a 32P γ-ATP labeled 10-100nt
size ladder, lanes 2-5 each contained 20µg of total RNA from different RNA
preparations, and lane 6 consisted of 150fmole of a DNA oligo with the identical
sequence as the smRNA to serve as a positive control. The blot was transferred to an
Amersham Hybond™-N+ nylon membrane (GE Healthcare, Chalfont St. Giles, UK)
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using a semidry electrotransfer device.

The transferred nucleic acids were UV

crosslinked to the membrane. The membrane was baked for 30 minutes at 80oC prior to
hybridization.
A total of 20pmoles of each Northern probe was 32P γ-ATP end labeled using T4
polynucleotide kinase (New England Biolabs, Ipswich, MA).

The membrane was

prehybridized with 25mL hyb solution (5X SSC, 20mM NaH2PO4, 7% SDS, and 2X
Denhardt’s solution) and 1mg sheared salmon sperm DNA at 50oC with constant rotation
in a Lab-line Hybridization Incubator (Mumbai, India.) After 2 hours, the hyb solution
was removed and 25mL of fresh solution was added along with 1mg sheared salmon
sperm DNA and 10pmoles of the labeled Northern probe. The blot was hybridized
overnight at 50oC with constant rotation. Following hybridization, the blot was washed
twice for 10 minutes and two more times for 30 minutes at 50oC with 40mL of nonstringent wash buffer (3X SSC, 25mM NaH2 PO4, 5% SDS, and 10X Denhardt’s
solution.) The membrane was washed one final time using 80mL of stringent wash
buffer (1X SSC, 1% SDS), then wrapped in plastic. The blot was visualized by overnight
exposure of Kodak BioMax XAR film.
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RESULTS AND DISCUSSION
Identification and Classification of smRNAs
A total of 192 recombinant plasmids were sequenced in this study. By analyzing
these sequences, I was able to identify 128 smRNA inserts. The remaining clones were
either empty or contained linker-linker sequences. Small RNA inserts were compared
against both known Chlamydomonas smRNA sequences, including rRNA and tRNA
sequences, and the Chlamydomonas genome. The majority of these inserts corresponded
to previously reported Chlamydomonas smRNAs, but 12 novel smRNAs were identified
(Table 1.) The fact that these 12 sequences escaped detection in the previous two large
scale 454 pyrosequencing analyses of the smRNA pools derived from TAP grown
Chlamydomonas [30, 31] indicates that they are very likely produced in response to the
non-standard experimental conditions used in my study.
The novel smRNA sequences were mapped to the Chlamydomonas genome. 9 of
these sequences had only one perfect match within the genome, whereas the remaining
appearing from 2-52 times. When the smRNAs and their flanking 200nt were analyzed
using the mFold RNA secondary structure prediction software, 8 were capable of forming
a stable hairpin (Figure 2.) The ability to form a stable hairpin is a characteristic of
miRNAs, and these 8 sequences were designated as such (Table 1.) The inability of three
sequences to form stable hairpins indicates that they are siRNAs. Due to ambiguous
positions (Ns) in the flanking scaffold information for cre_smRNA7, accurate secondary
structure prediction was not possible for this sequence. Because of this, it is not possible
to determine whether this smRNA is an siRNA or an miRNA.
Total RNA pools were analyzed by Northern blot in order to determine whether
the 12 novel smRNAs were stably produced by the cell. Stable expression increases the
likelihood that the smRNAs are true products of the cell rather than simply byproducts of
RNA degradation. 8 of the 12 smRNAs yielded bands of an appropriate size on the blot
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(Figure 3.)

Bands of the appropriate size were not detected for the remaining 4

sequences.

The expression levels of these smRNAs could be below the minimum

threshold required for detection with this method or alternatively, the sequences could be
degradation products from longer transcripts.
As a result of the mFold and Northern analyses, I can confirm that six of the novel
smRNAs identified in this study, cre_smRNAs 1-4, 6, and 12, are stably expressed
miRNAs. miRNAs are exclusively associated with post-transcriptional gene regulation.
That these six sequences are stably expressed under the conditions used in this study
provides strong evidence that they are involved in stress-induced gene regulation.
Cre_smRNA8 is a stably expressed siRNA. Whereas many siRNAs are associated with
post-transcriptional gene silencing, others are responsible for DNA methylation, TE
repression, and chromatin remodeling. Therefore I cannot be certain which process this
smRNA participates in, although its stable expression is an indicator that it does have a
functional role in the cell. Whereas it is not certain whether cre_smRNA 7 is an miRNA
or an siRNA, it is clearly a stably expressed smRNA. I cannot confirm whether the
remaining four sequences, cre_smRNAs 5, 9, 10, or 11, are functional smRNAs or RNA
degradation products without additional Northern analyses. In short, I have confirmed
the presence of 8 novel smRNAs produced in response to nitrate/acetate-free stress. The
next questions I address are what genes do they regulate, and are they TE derived?
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Table 1. Sequences and Genomic Positions of Novel Small RNAs
Sequence Name

Sequence

Cre_smRNA1
Cre_smRNA2
Cre_smRNA3

AATGCTCGAAATTTCCGCGCCG
TGTCTTCAGCCCGCCAATCTTCT
ATGGGTCCGAACGGGAAGCTTTAT

SmRNA
Type
miRNA
miRNA
miRNA

Cre_smRNA4

ATGGGTCCGACCGGGAAGCTTTAT

miRNA

Cre_smRNA5
Cre_smRNA6
Cre_smRNA7
Cre_smRNA8
Cre_smRNA9
Cre_smRNA10

CACATAGCCTGGTGCACTC
TAGAGCTCGAAGAACTTGGGAA
TCCGGGAGGTGGTCAAAGGGC
TTGTTTACTGCCGTGTCCTGC
TGGGTGGGTGCATGGGTCCGA
CTCATGGTGTAGTTGGTTAT

miRNA
miRNA
unknown
siRNA
siRNA
miRNA

Cre_smRNA11
Cre_smRNA12

TTGGTCGCTATCAACCTGACA
AGCGCGCACCGGTGTCTCGTCA

siRNA
miRNA

Chromosome
13
10
3
3
3
3
3
3
3
3
2
3
6
13
15
13
17
17
15
1
1
1
1
1
1
1
2
2
2
3
3
3
6
6
6
6
6
7
7
7
8
8
8
8
8
8
9
9
9
10
12

Start
Position
758621
4578921
2087827
2100944
2101951
2087346
2088469
2100475
2102872
2103780
6304403
5381395
5471000
6205802
116080
525912
519283
521194
116075
4397800
4398822
4492492
4493514
8138459
9700416
9949903
7791234
7952382
8150202
2395364
6317391
6318413
580010
4057012
4335242
4336264
6510135
46151
47173
3101215
1545802
1546824
1547610
3850696
4004043
4085177
585207
586229
3609384
2327912
1892354

Stop
Position
758600
4578943
2087804
2100967
2101974
2087323
2088446
2100498
2102895
2103757
6304380
5381413
5471021
6205782
116100
525932
519302
521213
116055
4397780
4398802
4492512
4493534
8138439
9700436
9949883
7791254
7952362
8150182
2395344
6317411
6318433
580030
4056992
4335262
4336284
6510155
46131
47153
3101195
1545782
1546804
1547590
3850716
4004063
4085197
585227
586249
3609364
2327932
1892374
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Table 1 Continued
Sequence Name

Sequence

SmRNA
Type

Chromosome
12
12
12
12
12
13
15
16
16
16
17
17
scaffold_18
scaffold_18
scaffold_21
scaffold_22
scaffold_36
scaffold_39
scaffold_79
scaffold_79

Start
Position
2527359
4710123
6062612
8296076
8297098
2492453
991705
89839
5334531
5900028
3588134
4398482
145691
390033
271345
125328
97194
41530
10388
11410

Stop
Position
2527379
4710103
6062592
8296056
8297078
2492473
991685
89859
5334511
5900008
3588154
4398462
145711
390013
271325
125348
97214
41550
10408
11430
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Figure 2. mFold results for each smRNA. The purpose of this analysis was to
determine whether the region surrounding the smRNA could form a hairpin from which
an miRNA could be processed. The hairpin must fold in a way which results in the
smRNA sequence (in green) forming a duplex with the other arm of the same hairpin. 8
sequences (cre_smRNAs 1-6, 10 and 12) fold into such a stable hairpin. This indicates
that they are miRNAs. While the loci of 3 additional sequences (cre_smRNA 8, 9 and
11) are able to produce some hairpin structures, the smRNA does not form a duplex with
the other arm of the same hairpin which would make Dicer processing into a functional
miRNA impossible. Therefore these sequences are siRNAs. Cre_smRNA7 could not be
folded due to the presence of ambiguous positions (Ns) in the flanking genome region so
it is not possible to determine whether it is an siRNA or an miRNA. Cre_smRNAs 8 and
11 are included in the same fold because they are located only 5nts away from one
another within the genome, another indication that they are siRNAs processed from the
same long dsRNA precursor.
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Figure 3. Positive Northern blot results for 8 smRNAs. The first 4 lanes consist of
total RNA isolated from different cell preps grown under my experimental conditions.
The 5th lane consists of a DNA oligonucleotide of the same sequence as the smRNA
which acted as a positive control. These 8 smRNAs were detected using my approach.
The remaining four were not detected by Northern analysis indicating they could either
be expressed at extremely low levels or alternatively, are degradation products of larger
RNAs.
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Target Prediction Results
Target prediction was accomplished through BLAST comparison of the 12
smRNAs with the known Chlamydomonas transcriptome data to identify near-perfect
antisense hits. Potential targets were identified for 11 of the 12 smRNAs (Table 2). A
near-perfect antisense hit was not identified for cre-smRNA2. Of the 18 predicted targets
identified, 11 are of unknown function. Two predicted targets have a role in transcription.
Cre_smRNA5 targets a SMRT/SMRTER nuclear receptor coregulator.

This protein

interacts with other proteins to repress the transcription of multiple genes simultaneously
[44]. Cre_smRNAs 3 and 4 both target an SBP transcription factor. Transcription factors
and transcriptional regulators are common targets of miRNAs. In fact, one of the most
highly conserved plant miRNAs, miR156, also targets an SBP transcription factor [45].
Other targets include a serine/threonine protein kinase and a mitochondrial substrate
carrier responsible for transporting phosphate into the mitochondrial matrix.
The 3 remaining targets are the most intriguing because they each have a role in
carbon/nitrogen metabolism (Figure 4). The experimental conditions used in this study
changed the available nitrogen source to nitrate and removed acetate as an additional
carbon source which would impact carbon/nitrogen metabolism in the cultured cells. The
first predicted target, the Hybrid Cluster Protein (HCP), is a target of cre_smRNA12.
During nitrate reduction, harmful reactive nitrogen species such as nitrous oxide and
hydroxylamine are produced as byproducts [46].

HCP is believed to reduce these

harmful byproducts and prevent oxidative damage [47, 48].

HCP is known to be

upregulated by nitrite, an intermediate in nitrate reduction [49]. The next predicted target,
the cytosolic form of the small subunit of carbamoyl-phosphate synthase (CPSII), is
targeted by cre_smRNA7. CPSII catalyzes the first committed step in pyrimidine
biosynthesis from glutamine, an important step in the production of nucleotides in the cell
and a major part of nitrogen metabolism [50]. The final predicted target, COQ5D, is
targeted by cre_smRNAs 3 and 4. This protein catalyzes one of the steps in quinone
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biosynthesis [51]. COQ5D has a plastid targeting signal indicating that it is specifically
involved in plastid quinone biosynthesis.

Plastid quinones form part of the

photosynthetic electron transport (PET) chain which is involved in photosynthetic carbon
fixation. Under the low CO2 conditions which were used in this study, PSII, another
component of the PET, can become overexcited and damaged as a result [52].
Plastoquinone (PQ,) one of the plastid quinones, shuttles electrons from PSII to the
cytochrome b/f complex in the PET. It is possible that the decreased production of PQ is
simply designed to reduce the drain on cellular resources in a nutrient-limiting
environment by preventing the production of more PQ than is needed. The same can be
said for CPSII and HCP repression.

As discussed previously, the level of nitrate

assimilation in Chlamydomonas is directly related to the available supply of carbon
skeletons. In a carbon limited environment such as the one used in this study, the cell
must prioritize its use of resources such as amino acids due to the limited influx of
nitrogenous compounds. Some genes, such as HCP, are upregulated in response to
nitrate, but may not be needed at a normal level due to carbon limitation. By fine-tuning
the amount of protein through miRNA-mediated downregulation, the cell can partition its
resources more effectively. The miRNA mediated downregulation of HCP, CPSII, and
COQ5D could serve some additional adaptive purpose, as well, but more study will be
required before this can be said with any certainty.
In conclusion, I now know that four of the stably expressed smRNAs induced by
our nitrate/acetate-free conditions, cre_smRNAs 3, 4, 7, and 12, target genes known to
be involved in carbon/nitrogen metabolism, another strong indicator that they fulfill a
stress-mitigating role in the cell. But are these smRNAs TE derived?

24
Table 2. Small RNA Target Predictions
Sequence
Name
Cre_smRNA1

Target
Protein ID
Number
155032

Cre_smRNA2
Cre_smRNA3

Target Name

Target Function

Unknown Protein

Unknown

(no predicated target)
417241

SBP

Possible transcription factor

189872

COQ5D

Ubiquinone/menaquinone biosynthesis

417241

SBP

Possible transcription factor

189872

COQ5D

Ubiquinone/menaquinone biosynthesis

Cre_smRNA5

146314

Nuclear receptor coregulator
SMRT/SMRTER

Transcription

Cre_smRNA6

146327

Unknown Protein

Unknown

Cre_smRNA7

401382

Carbamoyl-phosphate synthase,
small subunit

Nitrogen metabolism

149657

Unknown Protein

Unknown

420583

Unknown Protein

Unknown

Cre_smRNA8

382065

Unknown Protein

Unknown

194753

Hypothetical Protein

Unknown

Cre_smRNA9

395014

Unknown Protein

Unknown

413366

Unknown Protein

Unknown

Cre_smRNA4

394431

Unknown Protein

Unknown

Cre_smRNA10

184238

Unknown Protein

Unknown

Cre_smRNA11

196712

Mitochondrial substrate carrier

Phosphate transport

Cre_smRNA12

399318

HCP (Prismane)

Electron transport, nitrate/nitrite
metabolism

404883

Unknown Protein

Unknown

406072

Serine/threonine protein kinase

Serine/threonine protein kinase
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Figure 4. The nitrate assimilation process. The assimilation of nitrate begins
when (A) nitrate is imported into the cell where it (B) is quickly reduced into nitrite by
nitrate reductase (NR.) Nitrite is (C) imported into the chloroplast and (D) further
reduced to ammonium by nitrite reductase (NiR) and ferredoxin (Fd). The ammonium is
(E) incorporated into glutamine by glutamine synthase (GS.)

The glutamine can

participate in several possible reactions leading to the formation of nitrogenous
compounds such as amino acids and nucleotides in the cell. Some of the glutamine is (F)
exported into the cytosol where it (G) can become part of the pyrimidine biosynthesis
pathway.

Carbamoyl-phosphate synthase II (CPSII,) the target of cre_smRNA7,

catalyzes the first committed step in this process. During the nitrite reduction step (D),
reactive nitrogen species (RNS) are produced as byproducts. These must be eliminated
from the cell in order to prevent oxidative damage. (H) The RNS are exported to cytosol
where (I) HCP, the target of cre_smRNA12, is believed to convert these harmful
byproducts into less toxic forms for elimination from the cell. The reducing power for
nitrate assimilation comes from the photosynthetic electron transport chain (PET.) One
component of the PET, Ferredoxin (Fd,) is directly involved in the reduction of nitrite to
ammonium. Another important part of the PET is (J) plastoquinone (PQ.) Cre_smRNAs
3 and 4 target COQ5D, a protein which catalyzes a step in PQ biosynthesis. The three
proteins targeted by novel smRNAs identified in this study, CPSII, HCP, and PQ, a
product of COQ5D, are denoted by an asterisk in this figure.
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Identification of the Possible TE Origins of smRNA Loci
and Targets
The possible TE origins of the novel smRNAs identified in this study were
investigated through both BLAST comparisons with known Chlamydomonas TEs and
alignment of the smRNA loci with their target(s) to look for long regions of identity.
Two of the stably expressed miRNAs, Cre_smRNA3 and Cre_smRNA4, differ from one
another by a single central mismatch and collectively appear nine times within a single
16,000bp region on chromosome 3. These two sequences differ from a Chlamydomonas
miRNA identified by Molnar et al, cre-miR1146, by the same central mismatch [30]. The
two cre-miR1146 loci are located on chromosome 1. Comparison of the cre_smRNA3,
cre_smRNA4 and cre-miR1146 flanking regions with known transposable elements
indicates that they are derived from the same TE [18]. An alignment of a predicted
target, an SBP transcription factor, with the smRNA loci indicates that this same
transposable element has inserted itself into this gene in the opposite orientation creating
a target for the smRNA (Figure 5A.)
Cre_smRNA12 appears 52 times within the genome. BLAST comparison of this
sequence with known TEs indicates that it is derived from the MRC1 retrotransposon
(Figure 5B.) This retrotransposon has inserted into multiple locations within the genome,
including intergenic regions, intronic regions, and the coding regions of three genes. An
alignment of these three genes (HCP, a serine/threonine protein kinase, and a gene of
unknown function) with the MRC1 transposon and cre_smRNA12 confirms that the
insertion of this TE into these genes in the opposite orientation to the smRNA has created
the smRNA target.
Two sequences, cre-smRNA_8 and cre-smRNA_11, are located only five
nucleotides away from each other on chromosome 15. This, in addition to their inability
to fold into a stable hairpin, indicates that they could be processed from the same long
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siRNA precursor.

When 200 flanking bases surrounding these two small RNAs are

aligned with the two predicted targets of Cre-smRNA_8, a large inverted region of nearly
identical sequence is found. This indicates that a transposition event created the target
sequence needed for the RNAi-based repression of these two genes (Figure 5C.)
This same pattern of large inverted duplications becoming reinserted into an
active gene and leading to the creation of smRNA targets was found for 5 of the 12 novel
smRNAs: Cre_smRNAs 3, 4, 7, 8, and 12 (Figure 5). Two predicted targets with
reverse-orientation insertions are HCP and CPSII, two of the genes with known roles in
nitrogen metabolism. Although it was not possible to identify the progenitor TE in all
cases, a transposition event is the most likely explanation for the repeated copying and
pasting of long sequences into new locations within the genome from 3-52 times.
Using Northern, mFold, and BLAST analyses of the novel smRNAs isolated from
my study conditions, I can conclude that 4 of the 12 smRNAs, cre_smRNAs 3, 4, 7, and
12, are stably expressed, have targets that are involved in carbon/nitrogen metabolism,
and have both loci and targets derived from transposition events. This was a surprisingly
high number given the relative scale of this project.

Previous studies of the

Chlamydomonas smRNA transcriptome derived from non-stress conditions reported a
smaller than expected number of repeat-derived smRNAs. For example, Zhao et al found
that only 6.11% of the smRNAs identified in their survey mapped to TEs or repetitive
elements [31]. That we found 4 additional TE-derived smRNAs among the 12 novel
stress-induced smRNAs identified by this study could indicate that TEs do make a large
contribution to stress-induced miRNA networks. A large scale 454 pyrosequencing effort
of the Chlamydomonas smRNA transcriptome derived from nitrate/acetate-free
conditions could determine whether this trend continues throughout this smRNA
population.
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Figure 5. Sequence alignments comparing the smRNA, its locus and its target(s).
(A) shows the alignment of cre_smRNA 3 and 4, their 9 loci, the cre_miR1146 loci, and
the reverse complement of the SBP gene.
identified as being TE derived.

Cre_smRNA 3 and 4 were previously

Strong similarity is found among these sequences

providing strong evidence that the same TE inserted into each of these locations. The
insertion of the TE in the opposite orientation in the SBP gene created the target for the
smRNAs.

(B) This same pattern of reverse orientation TE insertion is found for

cre_smRNA12. This alignment shows that cre_smRNA12, the MRC1 transposon, and
the reverse complements of HCP, a serine threonine protein kinase, and a gene of
unknown function are identical in the region shown.

This insertion of the MRC1

transposon in the reverse orientation into these three genes created the targets for
cre_smRNA12.

Cre_smRNA7 (C) and cre_smRNA8 (D) were also aligned with the

reverse complements of their targets and show the same pattern of a reverse-orientation
insertion

within

the

target

genes

creating

targets

for

the

smRNAs.
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CONCLUSION
It is widely accepted that an organism must fine-tune its genetic output in
response to a changing environment. Over the last 15 years, there has been a growing
appreciation of the role that transposition plays in creating genetic changes that an
organism may exploit to adapt to new environments. As discussed earlier, TEs are
known to make both subtle and profound changes in the genome of an organism, ranging
from the disruption or creation of an individual gene to large-scale chromosomal
rearrangements. Complex mechanisms exist to control transposition under non-stressed
conditions in order to prevent disruptive, unwanted genomic changes. However, it has
been noted repeatedly that normally silent transposons become active under conditions of
stress [25, 26]. Whether or not this is simply the attempt by a parasitic element to save
itself regardless of a possible cost to its host is not of critical importance. That this
reactivation leads to mutations that selection can act upon is of high interest, however.
Stress induced activation of TEs may provide a source of genetic variation in organisms
that can aid in adaptation to a changing environment.
In this study, Chlamydomonas reinhardtii was cultured under conditions of
nitrate/low carbon stress in order to find examples of TE exaptation that contributed to
stress-responsive smRNA networks. Two genes, CPSII and HCP, both of which play a
role in nitrogen metabolism, were found to have TE insertions in the 3’ termini of their
coding regions that formed a target site for smRNA-mediated repression. The repressive
smRNA for both of these genes was cloned and its expression was confirmed by
Northern analysis indicating that the TE also created a functional smRNA. The novel
smRNAs were linked to the experimental conditions used here indicating that they were
indeed environmentally induced. Based on these findings, I propose that TE exaptation
to form stress-induced smRNA networks has occurred and could provide another avenue
whereby TEs aid in the ability of an organism to adapt to changing environments. Based
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on this observation, I propose the following modified version of the existing model
describing the evolution of smRNA networks from TEs:

I propose that under non-stressed conditions, the host organism represses
transposition in order to prevent unwanted mutations. When a biotic or abiotic
stress is introduced, the repression of transposition is lifted. TE insertions occur
at random throughout the genome, although there is evidence that some TEs
insert preferentially in gene-rich areas [53]. In some cases, the TE inserts into
the coding region or UTR or a gene. In many cases, this leads to disruption of the
gene and the insertion creates a null mutation. This mutation may be detrimental
to the host and would be removed from the population. However, in some cases
the mutation does not disrupt the gene’s function and a smRNA target results. At
the same time, the TE inserts into a region of the genome that is transcriptionally
active at the time of the stress, such as immediately downstream of a gene or in an
intron.

This creates the smRNA locus.

Upon transcription, the TE-derived

smRNA is able to repress the target gene because the TE insertion has created a
complementary region within the target. Eventually the stress is relieved and the
TE is repressed once again, but the smRNA and its target have been formed.
Selection and drift can now act on this new network to determine its ultimate fate
in the population. Due to the very low rates of successful transposition, these
networks will not develop frequently, but as shown by this study and others, these
networks are in fact fixed in populations [15-18].

Barbara McClintock was the first to refer to TEs as “controlling elements” [54].
She recognized early on the potential that these elements had in controlling gene
expression and allowing genomes to adapt to challenges presented by the environment
[5]. My study presents yet another way in which TEs control gene expression in response
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to environmental challenges. The study of the stress-induced evolution of small RNA
networks from TEs should provide intriguing insights into how organisms adapt to their
environments.
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