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The extensive mechanistic and regulatory interconnec-
tions between the various events of mRNA biogenesis
are now recognized as a fundamental principle of
eukaryotic gene expression, yet the specific details of
the coupling between the various steps of mRNA
biogenesis do differ, and sometimes dramatically,
between the different kingdoms. In this review, we
emphasize examples where plants must differ in this
respect from other eukaryotes, and highlight a recurring
trend of recruiting the conserved, versatile functional
modules, which have evolved to support the general
mRNA biogenesis reactions, for plant-specific functions.
We also argue that elucidating the inner workings of the
plant ‘mRNA factory’ is essential for accomplishing the
ambitious goal of building the ‘virtual plant’.

Exploring the plant ‘mRNA factory’

Progress in our understanding of eukaryotic mRNA
biogenesis has been largely driven by mechanistic studies
performed using in vitro systems in yeast and mammals.
By contrast, the comparable in vitro tools in plants do not
yet exist. Instead, most of the available knowledge is
derived from three main sources: inferences based on
bioinformatic analyses, examination of the behavior of
DNA or RNA-based reporter constructs in cells or whole
plants, and analysis of mutants. Curiously, many of the
mutants that have allowed us a glimpse into the inner
workings of the plant ‘mRNA factory’ have been identified
serendipitously. A reluctance to seek such mutants
directly might have been partly because of the relative
paucity of the appropriate molecular assays and a view
that the respective genes are essential for viability — an
assumption that might seem reasonable, but nonetheless
has not always proven valid.

The paradigm

The synthesis and maturation of mRNA, and the assembly

of export-competent mRNP complexes (see Glossary), has

been shown in recent years to be carried out by an
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integrated ‘mRNA factory’ that comprises RNA polymer-
ase II (RNAP II) and numerous processing and export
factors [1-8]. As in a real factory, a complex network of
quality control checkpoints must be passed for the product
(mRNA) to be successfully exported and enter cytoplasmic
transactions (Figure 1).

The most important element that facilitates the
interconnection of multiple steps of mRNA biogenesis is
the C-terminal domain (CTD) of the largest subunit of
RNAP II. Acquisition of the CTD was an important step in
the evolution of complex patterns of regulated gene
expression because it provided a scaffold for extensive
interactions with factors involved in all steps of mRNA
production [9]. The resulting close association of

Glossary

AtCPL1-AtCPL4: Arabidopsis proteins related to FCP (C-terminal domain
phosphatase-like).

CBC: nuclear cap-binding complex, composed of CBP80 and CBP20 subunits.
CF1, CF2: cleavage factors 1 and 2, parts of the mRNA 3’ end processing
machinery.

CPSF: cleavage and polyadenylation specificity factor.

CStF: mammalian cleavage stimulation factor.

CTD: C-terminal domain of RNAP II.

elF4F, elFiso4F: cytoplasmic cap binding complexes (heterodimers of
elF4E/elFAG and elFiso4E/elFiso4G, respectively).

EJC: exon junction complex, deposited as a consequence of splicing.

FCP: TFlIF-associating component of CTD phosphatase. Dephosphorylates
Serine 2 of the CTD. -

GT: guanylyltransferase component of the capping enzyme.

GUS: B-glucuronidase.

hnRNP: heterogeneous nuclear ribonucleoprotein.

mRNP: messenger ribonucleoprotein.

MT: N’G methyltransferase component of the capping enzyme.

NMD: nonsense-mediated decay, a specialized mRNA degradation pathway.
Targets mRNAs containing premature stop codons.

PABP: major poly(A) binding protein, predominantly cytoplasmic at steady
state but has an important role in nuclear 3 end processing as well.

PABPN: nuclear-specific poly(A) binding protein, regulates PAP.

PAP: poly(A) polymerase.

P-TEFb: transcription elongation factor composed of cyclin T and CDK9 kinase.
RNAP II: RNA polymerase Il

RT: RNA triphosphatase component of the capping enzyme.

SCP: small CTD phosphatase, dephosphorylates Serine 5 of CTD.

snRNA: small nuclear RNAs, key constituents of the spliceosome.

SR proteins: Ser/Arg-rich proteins participating in many aspects of splicing.
TAR: trans-activating response region.

TBRP: trans-activation response RNA-binding protein.

TFIIH: transcription initiation factor that contains CDK7 kinase and cyclin H.
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Figure 1. Key features and quality control checkpoints of the ‘mRNA factory’. In the CTD of RNAP Il, the changing phosphorylation of repeat residues Serine 5 (S5) and Serine 2
(S2) during transcription regulates the dynamic interactions of the CTD with enzymes of mMRNA maturation (capping, splicing and polyadenylation factors, not shown). The
5’ cap is added early in transcription, whereas splicing of introns usually occurs cotranscriptionally but can happen later as well. Splicing leads to a deposition of the exon
junction complex (EJC) upstream of the splice junctions. Numerous hnRNPs and other RNA binding proteins (represented as green symbols of different shapes and sizes),
including cap binding protein elF4E and poly(A) binding protein, associate with maturing transcripts; the complement of these factors is likely to be distinct for different
mRNAs. The appropriate assembly of hnRNP proteins and completion of 3’ end formation is monitored at quality control checkpoints QC1 and QC2, respectively; messages
improperly matured at these stages are subject to retention at the transcription site and degradation by the exosome complex. The nuclear pore complex-linked checkpoint
QC3 ensures that only spliced transcripts are exported from the nucleus and causes mMRNA to be kept at the site of transcription when the nuclear-pore complex-linked export

step is blocked [69].

RNA-processing enzymes increases the efficiency of
mRNA biogenesis by concentrating the key players near
the site of action. The unique structure of the CTD, which
comprises numerous tandem heptapeptide repeats with
a consensus sequence YSPTSPS [10], provides ample
opportunities for regulation via phosphorylation and
conformational isomerization by peptidyl-prolyl cis/trans
isomerases. The rich repertoire of conformational and
phosphorylation states allows the CTD to not only modu-
late the activity of the polymerase, but also to recruit
different multiprotein complexes involved in mRNA
processing at specific points in the transcription cycle.
The CTD is hypophosphorylated during recruitment
into preinitiation complexes. Phosphorylation of the CTD,
particularly on Serine 5 by the CDK7 kinase of the initi-
ation factor TFIIH (Figure 2), coincides with transcription
initiation and also promotes the binding of mRNA capping
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factors. Capping occurs when the nascent transcript is
20-30 nt long; at this step, some of the capping enzyme
subunits dissociate from the polymerase. The transition
into elongation is marked by the removal of the phosphate
groups from Serine 5 by the small CTD phosphatase (SCP)
while Serine 2 phosphorylation increases as a result of the
complex interplay between the transcription elongation
factor P-TEFb (composed of cyclin T and CDK9 kinase)
and phosphatase FCP (Figure 2). Concomitantly, a subset
of splicing and polyadenylation factors adheres to the
CTD, either by direct binding or via transfer from the
preinitiation complex [11]. The polyadenylation factors
that bind to the CTD near the start of a gene are carried
along with the transcription machinery to the 3’ end
where they and other factors that join the complex at the
later stages of the transcription cycle participate in
processing the 3’ end of the mRNA. Splicing can occur


http://www.sciencedirect.com

0 EE.

Kinases

P-TEFb kinase l

TFIH
(cyclin T + CDK9) (CDKY kinase)

(YSPTSPS),

FCP l l SCP

Phosphatases

TRENDS in Plant Science

Figure 2. Factors regulating CTD phosphorylation. The consensus sequence of the
heptapeptide repeats that constitute the CTD is shown and mammalian enzymes
that phosphorylate and dephosphorylate the serine residues at positions 2 and 5
are highlighted. For simplicity, only those factors mentioned in the text are
indicated. The complete details of all the enzymes that can modify the CTD and the
residues on which they act remain unclear, and the substrate specificities of the
enzymes shown are not absolute in vitro.

any time after an intron is transcribed until the mRNA is
exported, but is usually completed while the nascent RNA
is still tethered to the template DNA by the polymerase
[12]. As a consequence of splicing, a collection of proteins
known as the exon junction complex (EJC) is deposited
20-24 nt upstream of the former site of the intron [13].
The EJC has diverse roles in different species, such as
facilitating mRNA export by direct interactions with
proteins that associate with the nuclear pore complex,
promoting association of the mRNA with polysomes, and
helping to identify aberrant mRNAs containing prema-
ture stop codons for degradation via nonsense-mediated
mRNA decay (NMD) [14].

To what extent does the scenario just described (based
primarily on results from yeast and mammals) also occur
in plants? The presence in plants of genes encoding
presumptive homologs of most of the aforementioned
factors that govern the processes of capping, splicing,
polyadenylation, export and mRNA surveillance (listed on
the accompanying website www.albany.edu/faculty/dab/
IPGE_HUB.html) is consistent with the view that it
should be fundamentally similar in plants. However,
there are some remarkable and puzzling omissions, as
discussed below. In addition, the overall similarity of the
parts list contrasts with the many known differences of the
gene expression reactions between plants and other
organisms. Finally, the relatively mild consequences of
mutations in several genes that are thought to be essential
suggests that either many processes in plants can be
carried out by functional homologs that lack sequence
similarity or that plants are more different than we realize.

RNA polymerase Il and its regulatory factors

The CTD in Arabidopsis has 40 repeats, 36 of which match
the YSPTSPS consensus, and thus falls in the middle of
the range defined by yeast and human CTDs (26 and 52
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repeats, respectively). Consequently, the Arabidopsis CTD
is capable of binding multiple factors, although the net-
work of interactions might not be as extensive as it is in
mammals. However, the machinery that governs CTD
phosphorylation in plants might be more complex than it
is in other kingdoms. For example, Arabidopsis differs
from both fungi and vertebrates in having at least two
CDKZ7-like kinases capable of phosphorylating Serine 5
[15]. Moreover, each of these can be found in two distinct,
large complexes that further differ in their ability to
phosphorylate the CTD. On top of this, a distinct kinase
(At4g28980) acts upstream to activate both of these
CDKY7-like kinases. Therefore, a somewhat shorter CTD
in Arabidopsis could be more than compensated for by the
complex interplay of multiple activities that modify it.

In contrast to the TFIIH-associated CDK?7-like kinases,
the similarity of the presumptive Arabidopsis homologs
of other kinases and phosphatases that govern the CTD
phosphorylation (Figure 2) to their respective mammalian
counterparts is low and/or limited in length. Neverthe-
less, At5g10270 and At5g64960 are likely to represent
bona fide homologs of CDK9, a subunit of a kinase
(P-TEFD) that can phosphorylate Serine 2 of the repeats,
because they interact in two hybrid assays with the other
P-TEFb subunit, cyclin T [16]. At least four genes
(AtCPL1- AtCPL4) contain regions of similarity to the
catalytic domain of FCP, and AtCPL1 and AtCPL2
specifically dephosphorylate Serine 5 but not Serine 2
in vitro [17]. Remarkably, mutations in two of these
(AtCPL1/FRY2 and AtCPL3) result in increased expres-
sion of a subset of cold- and abscisic acid (ABA)-regulated
genes [18,19].

How can a generic RNAP II regulatory factor such as
FCP have such a specific function in plant stress response?
In contrast to classical FCPs, the AtCPL proteins contain
additional domains suggestive of function. AtCPL1
(as well as AtCPL2) are unique in that they also contain
RNA binding domains resembling the human TRBP
protein that binds the HIV TAR RNA. TAR RNA, in
turn, is the interaction site for the HIV Tat protein that
associates with the CTD kinase that hyperphosphorylates
RNAP II. Extending the analogy, one could envision that
AtCPL1 binds to a subset of messages in a sequence-
specific fashion and regulates the mRNA biogenesis at
specific loci via modulating the RNAP II phosphorylation
state in cis. However, AtCPL3 is unique among all known
CTD phosphatases in having a region homologous to CES1
(capping enzyme suppressor) in yeast. Thus, AtCPL3 could
be directly regulating the 5’ cap status of specific messages.

Capping enzymes and cap binding factors

The mRNA 5’ cap is a focal point of many documented
regulatory pathways [20]. Formation of the mature 5’ cap
involves three distinct enzymatic activities: RNA triphos-
phatase (RT), guanylyltransferase (GT) and N7G methyl-
transferase (MT). The RT and GT activities are a property
of a single, bifunctional enzyme in humans but reside in
separate polypeptides in yeast. Moreover, the human and
fungal enzymes are regulated differently by the RNAP II
CTD, and the requirements for the interaction between
the RT and GT subunits are also different, even within the
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kingdom fungi [21]. Plants, like humans, have bifunctional
RT/GT enzymes but, unlike humans, Arabidopsis has three
distinct RT/GT genes with distinct expression patterns [22],
which might indicate their functional specialization.

The cap binding complex (CBC), a heterodimer of
CBP20 and CBP80, binds to the cap during transcription
and is subsequently replaced by translation initiation
factor eIF4E in the cytoplasm following a ‘pioneer’ round
of translation that occurs while the mRNA is still asso-
ciated with CBC [23]. Unexpectedly, the Arabidopsis
mutant abhl, which is defective in CBP80, was isolated
in a screen for ABA hypersensitivity: it shows
ABA-hypersensitive regulation of seed germination,
stomatal closure and cytosolic calcium increases in
guard cells [24,25]. It is also remarkable that even though
the Arabidopsis CBP80 is encoded by a single-copy,
ubiquitously expressed gene, the abhl mutation has no
major effect on plant growth and development beyond the
ABA responses and alters the expression of only a small
subset of genes. The relatively minor consequences of
eliminating CBP80 are particularly surprising because
CBC is thought to participate in multiple steps of mRNA
metabolism, including the splicing of cap-proximal
introns, 3’ end processing and the export of snRNAs.

Another unique aspect of the machinery that interfaces
with the mRNA 5’ cap in plants is the presence of the two
highly divergent cytoplasmic cap binding complexes,
elF4F and elFiso4F (eIF4E/eIF4G and elFiso4E/elFiso4G
heterodimers, respectively). The cap affinity and abun-
dance of the two isoforms are different, and eIF4F is more
efficient in supporting cap-independent translation and
translation of structured RNA than is elFiso4F in vitro
[26], hinting at possible functional specialization in vivo.
Indeed, the elFiso4E subunit of elFiso4F plays a
nonredundant role in the replication cycle of plant
potyviruses. Surprisingly, plants lacking eIFiso4E other-
wise grow and develop completely normally [27,28].

Splicing

Homologs of most of the protein and RNA factors involved
in splicing in other eukaryotic systems can be identified in
the Arabidopsis genome, suggesting overall conservation
of the basic splicing mechanisms [29-32]. The conserved
sequences found at the 5’ and 3’ splice sites and branch-
points are also similar in plants, yeast and mammals;
their importance is supported by parallel mutational
analyses in all three systems. Given these similarities, it
might seem puzzling that plant introns are poorly spliced
in mammals and vice versa.

This incompatibility with the mammalian splicing
machinery might be because splicing in plants is more
complex. For example, Arabidopsis contains almost twice
as many Ser/Arg (SR) proteins than the human genome
does [33]. SR proteins have multiple roles in mediating
constitutive and alternative splicing through numerous
protein—protein interactions between themselves and
involving the splicing apparatus [34]. Plant SR proteins
help define exons and introns, recruit spliceosomal pro-
teins onto pre-mRNA, influence splice site choice by
binding to exonic and intronic splicing enhancer and
silencer signals, and/or bridge the 5 and 3’ splice sites.
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Thus, improper interpretation of the divergent instruc-
tions encoded in typical plant and mammalian introns
might preclude splicing by the heterologous apparatus.

Additional considerations are that plant introns often
lack recognizable polypyrimidine tracts (but are usually
U-rich throughout, particularly in dicots), and the way in
which introns are distinguished from exons might also be
different. In vertebrates, the relatively short exons are
usually separated by large introns and they are differ-
entiated primarily by factors that bind to exon sequences
(exon definition [35]). By contrast, plant introns are
generally short and are identified either mostly by
intron-binding factors (intron definition) or through a
combination of exon and intron definition [29-32]. Thus,
plant introns might have additional features that are not
properly recognized in mammalian systems.

Introns are known to significantly stimulate gene
expression in plants, mammals, yeast, nematodes and
insects, suggesting widely conserved interactions between
splicing and other steps of gene expression. A connection
between splicing and transcription, particularly involving
CTD phosphorylation, has been demonstrated in mam-
mals and yeast [36]. Transcript initiation is stimulated
by interactions between Ul snRNA, which anneals to the
5’ splice site in the first step of spliceosome assembly, and
a kinase that phosphorylates Serine 5 of the CTD [37].
Furthermore, introns also stimulate RNAP II elongation
via interaction of snRNPs with the elongation factor
TAT-SF1; TAT-SF1 in turn binds to P-TEFb, which
phosphorylates Serine 2 of the CTD [38].

Evidence for a similar connection between splicing and
transcription in Arabidopsis comes from in vivo studies in
which the position of a single intron was varied through-
out a stably integrated transgene. The intron-mediated
stimulation of mRNA accumulation declined with distance
from the promoter until it was lost entirely about a
kilobase from the start of the gene [39]. Although these
findings are most consistent with an effect of introns
on transcript elongation, direct evidence for intron-
mediated stimulation of transcription in plants has not
been reported [40,41].

The Arabidopsis protein HUA2 is unique to plants
but contains homology to factors that interact with
components of the general transcription machinery and
has similarity to the domain in a rat SR protein that
mediates its interaction with the CTD [42]. Furthermore,
HUA2 interacts with a homolog of the yeast Prp40p
splicing factor, which is known to bind to the phosphory-
lated CTD [43]. Thus, HUA2 might also link splicing and
transcription. The Aua2 mutation affects the expression of
only a few genes, including AG [42], FLC and FLM [44].
This illustrates a recurring trend of adaptation of the
functional modules, which originally evolved to serve the
general mRNA biogenesis reactions, for various plant-
specific processes by combining conserved domains with
sequence-specific RNA binding domains and/or protein-
interacting domains.

Polyadenylation
Formation of the 3’ end involves cleavage of the nascent
transcript and addition of a poly(A) tail whose length is
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species-specific and to some extent message-specific [45].
The cleavage event is guided by cis-acting sequence
determinants that act as binding sites for the two key
multisubunit factors (called CPSF and CStF in mammals)
that associate with cleavage factors. Poly(A) polymerase
(PAP) then adds the tail whose length is limited by
PABPN, a nuclear protein that controls the processivity of
PAP, and/or by exonucleolytic trimming of the newly
synthesized tails in a manner dependent on PABP -
a conserved poly(A) binding protein. Importantly, an
Arabidopsis PABP, PAB3, partially complements this
function in yeast [46].

Although the cis requirements for polyadenylation in
plants are reasonably well understood [47], the reaction
mechanism and the composition of complexes that carry it
out remain to be elucidated. The Arabidopsis genome
contains many homologs of the factors found in yeast and
mammals (www.albany.edu/faculty/dab/IPGE5.html).
Among the few that have been studied, both copies of
CPSF73-like genes are essential [48] (Q. Li, personal com-
munication). However, so far, none of these factors have been
experimentally proven to act in polyadenylation in planta.

In yeast and mammals, the functional coupling
between polyadenylation and transcription is extensive
and includes (but is not limited to) direct interactions of
several polyadenylation factors with phosphorylated CTD
[49]. Such interactions, if any, are yet to be demonstrated
in plants. However, genetic dissection of flowering time
control in Arabidopsis has led to an unexpected insight
into the plant-specific factors interfacing with the poly-
adenylation apparatus. The Arabidopsis gene FCA
encodes an RNA-binding protein that promotes flowering
by counteracting the floral repressor FLC (FLOWERING
LOCUS C) [50]. FCA expression is negatively autoregu-
lated through alternative processing of its own pre-mRNA,
brought about by the FCA protein promoting cleavage and
polyadenylation within FCA intron 3 [51]. The resulting
truncated transcript encodes an inactive polypeptide.
Efficient selection of this promoter-proximal polyadenyla-
tion site depends on the interaction of FCA with FY, a
homolog of the yeast Pfs2p subunit of the cleavage and
polyadenylation factor (CPF). Moreover, the FCA-FY
interaction is also required for the downregulation of the
floral repressor FLC [52]. Thus, it is likely that FCA
controls 3’ end formation of a select subset of transcripts in
an FY-dependent manner.

The Pfs2p in yeast and the CstF subunit CstF50 in
mammals are believed to be functionally equivalent in
spite of having dissimilar sequences [53]. Arabidopsis has
genes encoding homologs of both proteins, FY (At5g13480)
and At5g60940, which raises the possibility that plants
possess two different polyadenylation complexes, perhaps
with distinct functions.

mRNA export

At all steps of mRNA biogenesis and export, messages are
engaged in dynamic association with many proteins so
that export occurs in the form of large messenger
ribonucleoprotein (mRNP) complexes. Export is mediated
by nuclear export receptors, the most important and
conserved of which is TAP (Mex67 in yeast) [54]. Such
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receptors are recruited to the mRNA via adaptor proteins
and help dock the mRNP substrate to specific sites at the
nuclear pore complexes. The mRNP is then translocated
through the central aqueous channel of the pore, followed
by disengagement and remodeling of the mRNP on the
cytoplasmic side. Homologs of many of the key players
involved in these processes can be recognized in the
Arabidopsis genome, with the striking exception of
Mex67p/TAP. Thus, the factor responsible for the recruit-
ment of the mRNA to the nuclear pore complex in plants
remains mysterious.

mRNA export in fungi and metazoa is intimately
connected to splicing. On the one hand, splicing acts to
promote export through interactions between the EJC
proteins and export factors such as TAP/Mex67p [14].
Conversely, unspliced transcripts are actively retained in
the nucleus [55]. Whether either mechanism operates in
plants remains unclear. On the other hand, there is
tentative evidence that mRNA export in plants is linked to
transcript elongation because the CTD kinase subunit of
the Arabidopsis P-TEFDb interacts with a RNA binding
protein similar to the yeast and mammalian hnRNPs that
engage in nucleocytoplasmic shuttling [16].

The yeast Dbp5p protein is a RNA helicase believed to
be involved in remodeling or disassembly of the mRNP
cargo on the cytoplasmic side of the nuclear pore. Two
mutant alleles of the Arabidopsis homolog of yeast Dbp5p
affect plant responses to cold, but in opposite ways [56]:
los4-2 is chilling resistant and heat sensitive, whereas
los4-1 is chilling sensitive. The los4-2 allele also shows an
ABA hypersensitive response, which led the authors to
hypothesize that this specific allele influences the export
of transcripts involved in ABA signal transduction [56].
Nevertheless, mRNA export is also globally perturbed in
los4-1 at all temperatures and in los4-2 at elevated
temperatures only.

mRNA export in animals and yeast is also coupled to
proper mRNA 3’ end processing. In tobacco, GUS mRNA
whose 3’ ends are generated by ribozyme-directed cleav-
age, rather than by normal processing, is preferentially
detected in the nucleus [57]. This finding seems to indicate
that proper mRNA 3’ end processing is also required
for export in plants, although an alternative possibility
(i.e. that mRNA is exported from the nucleus but rapidly
degraded in the cytoplasm) cannot be ruled out.

Translation

Several of the EJC proteins remain bound to the mRNA in
the cytoplasm where they enhance translation by promot-
ing its association with ribosomes. They also facilitate the
recognition of premature termination codons because they
mark the exon—exon junctions, which typically occur no
further than 50 nucleotides downstream of authentic stop
codons in mammals. In this context, the peculiarities of
the few known examples of NMD in plants are intriguing.
First, NMD of the waxy mRNA in rice depends on splicing
of an intron that is upstream of the premature stop codon
[58], whereas in mammals downstream introns trigger
NMD. Second, most of the genes shown to be subject to
NMD in plants have no introns [59-62], demonstrating
that plant NMD might be totally independent from intron
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recognition. Perhaps cis-acting sequence determinants play
an important role in NMD in plants, as they do in yeast [63].

Nevertheless, Arabidopsis has homologs of most of the
components of the EJC in mammals, including several
that are missing in yeast. In plants, as in mammals, the
inclusion of an intron in a gene apparently provides a
modest (two to fourfold) increase in translation [39,64—66].
The magnitude of the enhancement in Arabidopsis was
similar even for introns that differed widely in their effect
on mRNA accumulation and was relatively insensitive to
changes in intron position [39]. These findings are con-
sistent with a role for the EJC in either enhanced export or
more efficient ribosome association in plants. Interest-
ingly, the plant homolog of EJC protein Magoh has been
identified as a pollen guidance mutant [67], providing yet
another example of a seemingly generic mRNA biogenesis
factor acting in a specific pathway.

Prospects

Understanding the mechanistic details of the funda-
mental reactions of gene expression as well as their
interconnections will be essential for making the concept
of the ‘virtual plant’ [68] a reality. The most striking
feature of the evidence gained to date is the contrast
between the plausible expectation, based on sequence
homology, that gene expression operates by conserved
mechanisms in all eukaryotes, and the frequent failure of
plant mutants to display the phenotypes predicted by
analogy with mammals and yeast. The mild consequences
of mutating a factor thought to be essential, or lethality
caused by disrupting a gene that is dispensable in other
organisms, are instructive in demonstrating that bioinfor-
matic analysis must be coupled with direct ‘invasive’
experimentation to generate an accurate understanding of
gene expression in plants.

Even though conventional in vitro assays for many
mRNA processing reactions might never be an option,
perhaps because essential but delicate interconnections
between steps are much more difficult to preserve during
preparation of extracts from plant cells than from mam-
malian or yeast cells, several alternatives are likely to
continue providing useful information. Foremost among
these is the analysis of complete and partial loss-of-
function mutants in genes whose sequence suggests a role
in gene expression. As indicated by the precedents cited
above, such analyses can yield a few surprises. Cross-
species complementation, both in vivo and in vitro, will be
another useful tool to determine the extent that processes
are conserved. Finally, chromatin immunoprecipitation
has the potential to detect changes in the transcription
machinery (and associated factors) as it traverses a gene.
Establishing the biochemical details of the various steps
of gene expression in plants, and demonstrating the
functional interactions between them, is a major challenge
that must be met to accomplish the goal of the 2010 Project
—to determine the function of all the genes in Arabidopsis.
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