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Developmentally distinct activities of the exocyst
enable rapid cell elongation and determine
meristem size during primary root growth in
Arabidopsis
Rex A Cole, Samantha A McInally and John E Fowler*
Abstract

Background: Exocytosis is integral to root growth: trafficking components of systems that control growth (e.g., PIN
auxin transport proteins) to the plasma membrane, and secreting materials that expand the cell wall to the
apoplast. Spatiotemporal regulation of exocytosis in eukaryotes often involves the exocyst, an octameric complex
that tethers selected secretory vesicles to specific sites on the plasma membrane and facilitates their exocytosis. We
evaluated Arabidopsis lines with mutations in four exocyst components (SEC5, SEC8, EXO70A1 and EXO84B) to
explore exocyst function in primary root growth.

Results: The mutants have root growth rates that are 82% to 11% of wild-type. Even in lines with the most severe
defects, the organization of the quiescent center and tissue layers at the root tips appears similar to wild-type, although
meristematic, transition, and elongation zones are shorter. Reduced cell production rates in the mutants are due to the
shorter meristems, but not to lengthened cell cycles. Additionally, mutants demonstrate reduced anisotropic cell
expansion in the elongation zone, but not the meristematic zone, resulting in shorter mature cells that are similar in
shape to wild-type. As expected, hypersensitivity to brefeldin A links the mutant root growth defect to altered vesicular
trafficking. Several experimental approaches (e.g., dose–response measurements, localization of signaling components)
failed to identify aberrant auxin or brassinosteroid signaling as a primary driver for reduced root growth in exocyst
mutants.

Conclusions: The exocyst participates in two spatially distinct developmental processes, apparently by mechanisms
not directly linked to auxin or brassinosteroid signaling pathways, to help establish root meristem size, and to facilitate
rapid cell expansion in the elongation zone.
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Background
Roots grow into a variety of challenging local environ-
ments from which they must obtain the water, nutrients,
and anchorage essential for plant survival. The stem cells
and meristem from which all root tissues and future
growth will derive are located in a vulnerable position at
the tip of the root. Shielded in this position by a multi-
layered root cap, the root meristem is continuously thrust
by growth into the unknown and potentially damaging
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frontier of the plant’s soil environment. This root structure
allows the meristem to be in close proximity to soil condi-
tions so that it can optimally adjust root growth and de-
velopment to meet the needs of the plant, while
simultaneously responding to the specific demands of its
local environment. Such plasticity of growth is achieved
by modulating cellular development within a well-defined
and robustly controlled root tip structure. In the root tips
of Arabidopsis, cells divide regimentally to align in files;
and within those files individual cells progressively alter
their growth mechanisms, which at first support cell div-
ision, and then accelerated cell elongation, and finally cell
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differentiation and maturation, to form the root’s function-
ally diverse tissues. Fundamentally, growth of root cells re-
quires controlled relaxation of their cell walls to facilitate
expansion of particular cell surfaces, balanced by strength-
ening that ensures the integrity of cell walls will not be
compromised during the expansion process. In response to
these complex demands, complex networks of interacting
and compensatory mechanisms have evolved to control, co-
ordinate, and maintain primary root growth [1-7].
Within the intricate cellular infrastructure that supports

root growth is the secretory system, by which proteins,
lipid, and carbohydrates are packaged into membrane-
bound secretory vesicles and delivered for secretion to the
growing plasma membrane and cell wall [8]. Secretion
involves exocytosis: the fusion of secretory vesicles with
the plasma membrane and the expelling of vesicle con-
tents into the apoplast. Exocytosis delivers growth-related
membrane proteins to the plasma membrane, including
receptors (e.g. the brassinosteroid receptor, BRI1 [9]), sig-
naling proteins (e.g. CRK5 [10]), transporters (e.g. PIN
auxin transport facilitators [11]), and proteins to build the
cell wall (e.g. components of the cellulose synthase com-
plex [12]). Equally important to root growth is the secre-
tion to the apoplast of hormones (e.g. brassinosteroids
[13]), proteins that modify the cell wall (e.g. expansins
[14]), and materials to build additional cell wall (e.g. pec-
tins and hemicelluloses [15]). Consequently, the secretory
system and the process of exocytosis are essential to both
root growth and the control systems that regulate that
growth.
In eukaryotes the spatio-temporal regulation of exocyt-

osis for a number of developmental processes has been
found to involve the exocyst, a complex of eight proteins.
The eight proteins of the exocyst complex, SEC3, SEC5,
SEC6, SEC8, SEC10, SEC15, EXO70, and EXO84, have a
coiled coil structure, and the resultant protein rods ultim-
ately assemble to form a tether between secretory vesicles
and the plasma membrane prior to membrane fusion,
which is mediated by SNARE proteins [16-19]. The
molecular details of the exocyst’s role in exocytosis are in-
completely understood, but attention has focused on two
aspects of the exocyst’s tethering function: its role as a land-
mark specifying the site for exocytosis, and its role as a fa-
cilitator of exocytosis. The landmark function involves
exocyst localization to specialized cortical domains at the
plasma membrane, where key membrane components are
enriched and poised for assembly into the machinery for
exocytosis [20]. In plants, the components of the exocyst
that are particularly important to this landmark function,
and how the exocyst is localized to a specific site, are uncer-
tain. However, both the formation of the cortical domains
and tethering of vesicles by the exocyst are thought to be
under the control of small GTPases and phosphoinositides,
as they are in non-plant species [20,21]. The facilitator
function of the exocyst provides increased rates of vesicle
docking and fusion events, and it has been speculated that
this may involve an exocyst role in localized SNARE assem-
bly [20-23]. Supportive of such a speculation, an interaction
between an exocyst component, EXO70B2, and SNARE
protein, SNAP33, was identified in a yeast two-hybrid
screen of Arabidopsis proteins [24]; similar interactions
have been observed in S. cerevisiae [22]. The two functions
of the exocyst, i.e. as a landmark or as an exocytosis facilita-
tor, may be separable, as suggested by the observation that
small GTPases appear to differentially regulate these two
roles of the exocyst in non-plant species [21].
The exocyst functions as a complex in plants [19,25-27],

where it is intimately associated with the process of growth.
Mutation of exocyst components is associated with aber-
rant tip growth in pollen tubes [27,28], decreased polarized
growth of root hairs [29], reduced elongation of hypocotyls
in dark grown seedlings [27], dwarfism [29,30], altered root
tracheary element development [31], and defects in cyto-
kinesis [30,32,33]. Recently, the exocyst complex has been
visualized in epidermal cells of the root meristematic,
elongation, and maturation zones in Arabidopsis, demon-
strating that subunits of the exocyst complex dynamically
dock and undock at the plasma membrane, potentially cre-
ating sites for vesicle tethering and exocytosis [34,35]. In
addition, the trafficking dynamics of the BRI1 brassinoster-
oid receptor and PIN auxin transporters in the root are al-
tered in exocyst mutants, with the PIN trafficking defect
thought to underlie the compromised polar auxin transport
in mutant roots [36]. Another potential linkage of the exo-
cyst and auxin is derived from characterization of a plasma
membrane-localized scaffold protein, Interactor of Consti-
tutive active ROP 1 (ICR1), which is required to maintain
the primary root meristem [37]. ICR1 interacts with both
small ROP GTPases and the exocyst subunit, SEC3, and
also affects trafficking of PIN auxin transporters to and
from the plasma membrane in Arabidopsis roots [37,38].
Thus, it is evident that the exocyst could play an important
role in root growth, with current data pointing toward
functions in auxin and/or brassinosteroid signaling [36,38].
We therefore sought to investigate the exocyst’s role

within the integrated network of mechanisms that regulate
and produce primary root growth in Arabidopsis thaliana,
focusing on the hypothetical auxin- and brassinosteroid-
related mechanisms. Seedlings withT-DNA insert mutations
in various exocyst components that resulted in reductions,
sometimes profound, in the primary root growth rate were
evaluated. Surprisingly, previously demonstrated roles for
the exocyst in cytokinesis, as well as PIN protein and BRI1
receptor trafficking, [30,33,36], did not appear to adequately
explain the mutant root growth phenotype. However, a de-
tailed analysis of various growth parameters revealed that
exocyst mutants exhibited defects in both root cell produc-
tion rates (arising from shorter meristems) and mature cell
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lengths (arising from slower rates of cell elongation), impli-
cating the exocyst in these two distinct developmental pro-
cesses, likely through distinctive mechanisms.

Results
Mutations in components of the exocyst result in
dwarfism and a primary root growth defect
In order to explore the role of the exocyst in primary root
growth, Arabidopsis seedlings with T-DNA insertion mu-
tations in genes encoding exocyst components were evalu-
ated, including mutations in SEC8, SEC5a, EXO70A1, and
EXO84b. A broad range of phenotypes associated with the
exo70A1-2 mutation has previously been described [29].
Many mutations in exocyst components do not result in a
discernible single mutant phenotype (e.g., sec5a), presum-
ably because there are multiple copies of genes encoding
most of exocyst components (e.g., SEC5b) leading to func-
tional redundancy. However, a sec5a mutation combined
with the exo70A1-2mutation results in a synergistic defect
in hypocotyl elongation [27], and the same combination
shows a more severe root growth defect than the
exo70A1-2 mutant alone (Figure 1A). There are three
EXO84 paralogs in the Arabidopsis genome, but mutants
Figure 1 Slower primary root growth in exocyst mutants is associated w
slower in exocyst mutants than Col-0, with defects ranging from mild (e.g. exo
error bars represent standard error). (B) The number of cells in the meristem,
correlation with the root growth defect. Brassinosteroid (bri1 (SALK_003371), d
(BFA)-treated roots are shown for comparison. Error bars for meristem and elo
exocyst mutants include shorter meristems that maintain a structure similar to
with propidium iodide; white triangles and yellow triangles mark the distal an
to C-F). (G-J) Confocal images of 8 day old propidium iodide-stained mutant
center and similar to wild-type (G) (bar = 50 microns). (K-L) Confocal images
(L) and a wild-type sibling (K) (bar = 50 microns).
of one of them, exo84b, are severely dwarfed with dramat-
ically shorter roots [30]. SEC8 is a single copy gene, and
T-DNA insertions in the 5′ end of the gene (sec8-1 and
sec8-3) result in a severe pollen defect and complete gam-
etophytic sterility, whereas insertions in at the 3′ end (e.g.
sec8-4 and sec8-6) produce only mild phenotypes [28]. In
order to characterize null exocyst mutations in the sporo-
phyte, a construct containing the wild-type SEC8 gene
driven by the pollen-specific LAT52 promoter was trans-
formed into sec8-1 and sec8-3 heterozygous seedlings. The
construct rescued the pollen defect in the sec8 mutants,
allowing generation of seedlings homozygous for the muta-
tion, and these proved to be extremely dwarfed (Additional
file 1: Figure S1). RT-PCR (data not shown) suggests that
the LAT52 promoter can drive low-level transcription in
the sporophyte (as also shown by Van Damme, [39]), such
that these sec8-1 and sec8-3 homozygous lines probably do
not represent complete nulls for SEC8. (For brevity, these
LAT52:: SEC8 sec8 lines will be henceforth referred to
merely as sec8-1 or sec8-3 lines.) Additional lines were
generated by combining the sec8-4 or sec8-6 mutations,
which do not have an obvious phenotype in the sporophyte,
with the exo70A1-2 mutation. These combinations also
ith shorter root growth zones. (A) Root growth on vertical plates is
70A1-2) to quite severe (e.g. exo84b-1) (n = 8–19 roots for each genotype;
transition, and elongation growth zones is reduced in exocyst mutants in
et2-1) and auxin transport (pin2-1, aux1-7) mutants, as well as brefeldin A
ngation zone data shown in Figure 2. (C-L) The shorter growth zones in
wild-type. (C-F) Confocal images of 8 day old seedling root tips stained
d proximal ends of the meristem (i.e. the MZ) (bar = 100 microns applies
roots (H-J) show expression of pWOX5-GFP restricted to the quiescent
of root tips expressing PLT1-YFP driven by its native promoter in sec8-3
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synergistically inhibit hypocotyl elongation [27], and result
in a severe dwarfism of the same order of magnitude as the
sec8-3 line. Notably, the various exocyst mutants and mu-
tant combinations reduce plant growth by differing, charac-
teristic amounts (Additional file 1: Figure S1).
The dwarfism in seedlings with mutations in exocyst

components includes shorter roots due to slower root
growth rates, rather than premature termination of
growth (Figure 1A). Mutant lines with T-DNA insertions
in four different exocyst components demonstrate a dra-
matically wide range of primary root growth rates, which
vary from a low of 52 microns/hour in exo84b-1 mutants
to 391 microns/hour in exo70A1-1 mutants, compared to
478 microns/hour in Columbia 0 (wild-type) (Figure 2A).
Primary root growth in these mutants occurs at a nearly
constant rate when evaluated from five to eight days after
germination. Our focus was on this developmental period,
corresponding to the time when the early expansion of
the meristem has ceased, and after which the meristem
size remains virtually constant [7,40]. One explanation for
the observed range in severity of the root growth defects
is that the distinct mutant combinations represent an al-
lelic series of sorts, with each reducing exocyst complex
Figure 2 Primary root growth characteristics in exocyst mutants. (A-L
Col-0 and several brassinosteroid and auxin mutants, as well as to BFA-trea
for 14 cortical cell files (seven roots) evaluated from confocal images. Statis
Error bars = standard error.
function in a quantitative manner, which is subsequently
manifested in quantitative effects on root growth rate.
Thus, evaluating this set of mutants provides a potentially
sensitive analysis for subtle effects of loss of exocyst func-
tion, i.e. small differences in the mutants can be considered
more credible when the magnitude of those differences
consistently correlate with the severity of the root growth
defect across all mutants evaluated.

Root growth defects in exocyst mutants are associated
with shorter growth zones
Confocal microscopic images of seven-day old roots were
evaluated to provide a detailed description of the meristem-
atic and cell elongation root growth defects in exocyst mu-
tants (Figure 1 and Additional file 2). Specifically, growth
parameters were determined by measuring cell lengths along
cortical cell files from the stem cell initials near the quies-
cent center to the beginning of the differentiation/matur-
ation zone in seven-day old roots (see Additional file 2).
This region spans the meristematic zone (MZ) where cells
are dividing, the transition zone (TZ) where cells are not
dividing but continue to elongate at a slow rate, and the
elongation zone (EZ) where cell elongation increases
) Characteristics of root growth in exocyst mutants are compared to
ted Col-0 roots of 7 day old seedlings. Data for B-L represent averages
tical comparisons to Col-0 (t-tests) are in Additional file 1: Figure S3.



Figure 3 Meristems are shorter in exocyst mutants. pCYCB:GUS
expression is a marker for cell division activity, and the size of the
meristematic zone is designated by the span (arrows) over which GUS
staining is detected, in wild-type (A), exo70A1 (B), and sec8-3 (C) root tips.
Bar = 50 microns. (D) Average root meristem lengths measured by CYCB:
GUS are significantly shorter in exo70A1 (p < 0.01, t-test, n = 30) and sec8-3
(p < 0.001, t-test, n = 19) mutants compared to wild-type siblings (n = 30).
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exponentially until mature cell length is achieved, and cells
enter the differentiation zone [5,41]. The lengths of these
three distinct growth zones (MZ, TZ, and EZ) were dramat-
ically shorter in the exocyst mutants (Figure 1B, 2C, and
2F). Notably, the overall cell file structure of the root tip was
maintained in all the exocyst mutants examined, such that
the consequences of a defect in cytokinesis, previously iden-
tified in the severe exo84b mutant [30], were not clearly evi-
dent at the tissue/organ level. Additionally, the identity and
organization of the quiescent center at the root tip was sta-
bly maintained in the mutants, as assayed by several lines of
evidence. The wild-type expression pattern of a marker for
quiescent center identity (the WOX5 promoter-driven GFP
construct, [42]) was not disturbed in even the most severe
mutant (Figure 1G-J). The preservation of the stem cell
niche, as well as the overall structure of the meristem, is as-
sociated with a gradient of the PLETHORA transcription
factors, PLT1 and PLT2 [43]. In exocyst mutants, YFP-
labeled PLT1 and PLT2 proteins driven by their native
promoters showed nuclear localization and a gradient pat-
tern of expression that was similar to that of wild-type seed-
lings (Figure 1K and L, and Additional file 1: Figure S2), but
compressed, coincident with the smaller size of the root
meristems of the mutants. Thus, although mutations in
components of the exocyst result in shorter growth zones,
the overall root tip structure and tissue patterning in the
mutants, which originate during embryogenesis, are similar
to wild-type. However, the sizes of the MZ, TZ and EZ are
clearly sensitive to reduced exocyst function.
The growth rate of plant roots depends upon the rate

of cell production in the meristem, and the extent of an-
isotropic cell expansion in the root’s EZ. To initially
evaluate whether exocyst mutations affect cell division
patterns in the root meristem, a CycB1::GUS reporter
was introduced into sec8-3, exo70A1-1, and exo70A1-
1 sec8-6 mutant lines. Fusion of the CycB1 promoter
with GUS and a mitotic degradation signal allows this
reporter to mark only actively dividing cells [44]. As ex-
pected, GUS staining of the exocyst mutant roots re-
vealed shorter meristems, associated with fewer dividing
cells within this zone, compared to their wild-type sib-
lings (p < 0.001, t-test, n > 22 roots, Figure 3). Analysis of
confocal images of root cortical cell profiles from the
MZ through the EZ was then used to estimate cell pro-
duction rates and cell cycle lengths in this cell layer
([45], and see Methods). The roots of five different exo-
cyst mutant lines (7 roots per mutant line) were studied
in detail, representing a range of root growth rate de-
fects: 11 percent of wild-type for exo84b-1 to 82 percent
of wild-type for exo70A1-1. Consistent with the pCYCB::
GUS results, the exocyst mutants demonstrated a
reduced cell production rate that correlated with the
reduced root growth rate (Figures 2A and 2B). To deter-
mine if the reduced cell production rate was due to a
slower rate of cell division, the average length of the cell
cycle was estimated from the cell production rate and
the number of cells in the MZ (Additional file 2; [46]).
Brassinosteroid mutants, bri1 and det2-1, known to have
altered cell cycle progression and slower rates of cell div-
ision [47,48], served as controls and verified that our
method was capable of detecting prolonged cell cycles.
Surprisingly, the cell cycle length was not prolonged in
the exocyst mutants (p > 0.05, t-test, n = 7), and is not-
ably shorter than wild-type (i.e., more rapid cell division)
in the most severe line, exo84b-1 (Figure 2D). Thus, the
reduced cell production rate associated with loss of exo-
cyst function is largely due to a reduced number of div-
iding cells in the shorter MZ (Figure 2C), not slower cell
division.

The exocyst facilitates cell expansion in the elongation
zone
Cortical cell lengths were assessed to determine if a defect
in cell elongation also contributed to the root growth defect
in exocyst mutants. Mature cortical cell lengths, primarily
the result of cell elongation in the EZ, were indeed reduced
in the mutants with severe growth defects (Figure 2E,
p < 0.001, t-test, n = 7). The reduced cell elongation in exo-
cyst mutants could conceivably arise because cells in exocyst
mutants have less time to elongate in their shorter



Figure 4 Root cortical cells in exocyst mutants elongate at a slower
rate in shorter elongation zones. (A) Composite confocal image of a
Col-0 root (bar = 100 microns). (B-G) Cortical cells in elongation zones,
highlighted in white (bar = 50 μM). Col-0 (A, B,); exo70A1 (C); sec5a
exo70A1 (D); sec8-4 exo70A1 (E); sec8-3 (F); exo84b-1 (G). (H) Exponential
curves fitted to cell length data for elongation zones of 14 cell files (7
roots) of each genotype. The curves allow estimation of relative
elongation rates for each genotype (Figure 2H) (I) Reduced cell elongation
rates are not evident in the meristematic zones of exocyst mutants or
Col-0 treated with 10 μM BFA compared to Col-0; error bars represent
standard error with n = 7 roots per genotype. (see Additional file 2).
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elongation zones or because they elongate at a slower rate.
To evaluate these two possibilities, data for the cortical cell
length profiles in the EZ of fourteen cell files for each mu-
tant genotype were analyzed to estimate elongation rates, as
well as time spent in the EZ (detailed methods in Additional
file 2). Exocyst mutants with severe root growth defects have
significantly reduced rates of elongation compared to Col-0
(p < 0.001, Potthoff analysis) (Figure 4H and Additional
file 2). Furthermore, except for the mild exo70A1-1 mutant
(which did not differ from wild-type), the time cortical cells
of the exocyst mutants spent in the EZ was actually longer
than that observed for wild-type Col-0 (Figure 2G, p < 0.01,
t-test, n = 7). In other words, the reason mature cortical cells
of exocyst mutants are shorter is not because they have
spent less time elongating. Rather, loss of exocyst function is
specifically associated with a slower rate of elongation in the
EZ.
Mature cortical cell widths were also found to be signifi-

cantly reduced in exocyst mutants (Figure 2I, p < 0.015,
t-test, n = 7). The width reduction correlated with the se-
verity of the root growth defect, and not surprisingly, with
the width of the root (Figure 2J cell width measurements
in the EZ). The cell width data, combined with data for
mature cortical cell lengths, allow calculation of the aver-
age cell volume, as well as the average cell length-to-width
ratio for each genotype (Figure 2K and 2L). The mature
cortical cell volumes were dramatically reduced in the
exocyst mutants, whereas the length-to-width ratio of ma-
ture cortical cells was only minimally altered compared to
wild-type Col-0. Thus, the reductions in root growth rate
in exocyst mutants are not exclusively associated with a
reduction in mature cell lengths, but reflect a reduction in
cell expansion in the EZ, resulting in mature cortical cells
that achieve a near wild-type shape. Notably, cells of both
brassinosteroid (bri1, det2-1) and auxin mutants (pin2,
aux1-7) also alter cell expansion, but generate cells with
aberrant cortical cell length/width ratios.
We were curious to know if the elongation defect in exo-

cyst mutants was restricted to the elongation zone, or if it
represented a more generalized defect (for example, a de-
fect altering the basic structure and overall expansibility of
the cell wall) that also influenced cell elongation in the
meristem. To explore this question cortical cell lengths in
the meristem were evaluated, and the rates of cell elong-
ation in the meristem were estimated (Figure 4I and
Additional file 2). The average cell elongation rates were
determined to be slightly faster, not slower in the meristems
of exocyst mutants compared to Col-0 (p < 0.05, t-test,
n = 7), with the exception of sec5a exo70A1-2, in which the
increase was not statistically significant. Thus, the reduced
rate of root cell elongation in exocyst mutants occurs spe-
cifically in the EZ. A similar conclusion was reached when
the width of cells along cell files in the MZ were measured
and plotted as a function of cell position from the quiescent
center. Cell widths expanded as the cells progressed shoot-
ward along the length of the meristem for Col-0 and all
mutants evaluated (Additional file 2). This progression of
cell width expansion in the exocyst mutants was essentially



Figure 5 Root growth rate response to brefeldin A (BFA). (A)
Exocyst mutants are hypersensitive to the root growth inhibiting effects of
BFA at a concentration of 3.2 μM. (B) Root growth rate response to BFA
normalized to the growth rate at BFA= 0. Normalized root growth rates
of exocyst mutants are significantly lower than that of Col-0, at a BFA
concentration of 3.2 μM (p< 0.001, t-test, n = 18-24). Bars = standard error.
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the same as Col-0, although there are fewer cells in the cell
files of the shorter meristem in exocyst mutants. Thus, the
role of the exocyst to enable root cell expansion (both
length and width) appears to manifest primarily in the EZ.
In summary, reduced exocyst mutant root growth

rates appear to be largely explained by a combination of
1) a reduced number of dividing cells in the meristem
and 2) a reduced cell elongation rate in the EZ. This im-
plies that the exocyst contributes to plant growth differ-
entially during root development, functioning to achieve
two apparently distinct outcomes: defining the sizes of
the growth zones, and enabling rapid cellular expansion
in the EZ.

Root growth in exocyst mutants is hypersensitive to BFA
treatment
To explore the hypothesis that the root growth defect in
exocyst mutants reflected an altered secretory system, the
sensitivity of root growth rate to the fungal toxin, brefeldin
A (BFA) was assessed in exocyst mutants. BFA inhibits
Golgi-based secretion and endocytic recycling, acting on
guanine nucleotide exchange factors (e.g., GNOM) to alter
the structure and function of the endomembrane system
[49,50]. Alteration of secretion in BFA-treated plant cells
is associated with altered delivery of polysaccharides and
cell wall loosening factors to the cell wall [51-54], altered
recycling of cell wall pectins in the root meristem [55],
and a reduced root growth rate [56]. Although BFA is
pleiotropic (e.g., it affects PIN protein recycling [56,57] as
well as secretion of cell wall polysaccharides, and alters
the root cell proteome accompanied by a remodeling of
the actin cytoskeleton [58]), root growth hypersensitivity
to BFA has been used as an indicator of a defect in vesicle
transport and secretion [59]. Localization of exocyst sub-
units themselves to the plasma membrane is BFA-
resistant [34,36], but root growth in exocyst mutants is
hypersensitive to BFA (Figure 5), with the normalized
growth rate reduced to a significantly greater extent in
exocyst mutants compared to Col-0 (p < 0.001, t-test,
n = 18-24) when exposed to 3.2 μM BFA. Such a result is
consistent with a predicted function for the complex in
vesicle trafficking to the PM, but does not rule out other
functions given the pleiotropic action of BFA.
Roots of Col-0 seedlings grown on plates containing

10 μM BFA were evaluated to determine if they phe-
nocopied the root growth defects associated with exocyst
mutations. This concentration was chosen for comparison
to the most severe exocyst mutants, as its effect on growth
rate was similar to untreated sec8-3 and exo84b-1 lines.
Measurements of cortical cell lengths indicated that the
reduced growth rate in the BFA-treated Col-0 seedlings,
like that of the exocyst mutants, was due to a reduced ma-
ture cell length and, to a lesser extent than in the compar-
able exocyst mutants, a reduced cell production rate (and
associated shorter MZ) (Figure 2B, C, E, p < 0.001, t-test,
n = 7). As with the exocyst mutants, the reduced mature
cortical cell length was associated with a slower rate of
elongation in the shorter EZ of BFA-treated Col-0 roots
(Figure 2F, H, p < 0.001, t-test, n = 7). Remarkably, the ex-
ponential rate constant of this cortical cell elongation was
nearly identical to that of the exocyst mutants with severe
root growth defects (p > 0.05; Potthoff analysis; Additional
file 2). Ultimately, the mature cortical cell lengths were
shorter in the BFA-treated Col-0 roots than in the severe
exocyst mutants, because the cells in the BFA-treated Col-
0 roots spent less time in the EZ (Figure 2G). However,
the BFA-treated mature cortical cell length-to-width ratio
is quite distinct from that of the exocyst mutants
(Figure 2L), likely reflecting the more pleiotropic nature of
BFA action. The BFA results are consistent with the hy-
pothesis that the exocyst’s function in root growth in-
volves a role in secretory trafficking, but point toward
some distinction: the exocyst appears more important for
defining growth zone size.



Figure 6 The root growth response of exocyst mutants to IAA
and NPA. (A) IAA dose–response of exocyst mutant root growth
was similar to Col-0, but different from auxin transport mutants
aux1-7 and pin2-1. (B) Exocyst mutants, sec8-3 and exo84b, were
slightly more sensitive to NPA at 3.16 and 10 μM compared to Col-0,
whereas two auxin transport mutants were less sensitive.
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Altered auxin transport does not fully explain the root
growth defect of exocyst mutants
Polarized auxin transport and an auxin gradient with a
peak concentration at the quiescent center (QC) are key
determinants of meristem structure and function, and
thus root growth rate [42,60,61]. The size of the meri-
stem depends in part upon an antagonistic interplay be-
tween auxin and cytokinin signaling, resulting in the
shift from cell division to cell elongation at a particular
location in the root tip [40,62-66]. Mutation of the exo-
cyst component EXO70A1 results in a defect in acrop-
etal (i.e., rootward) auxin transport and altered cycling
of PIN auxin transport proteins to the plasma mem-
brane in root epidermal cells [36]. We therefore hypoth-
esized that reduced meristem lengths were observed in
exocyst mutants because altered auxin transport shifted
the auxin-cytokinin balance to favor a shift from cell div-
ision to elongation at a position closer to the root tip.
To investigate this hypothesis, we measured primary
root growth after attempting to shift the auxin-cytokinin
balance in exocyst mutants and wild-type seedlings by
growing them on media containing a series of concen-
trations of the native auxin: indole acetic acid (IAA), the
synthetic auxin: 1-naphthaleneacetic acid (NAA), a cyto-
kinin: N-6-benzyladenine, or the auxin transport inhibi-
tor: naphthylphthalamic acid (NPA). Additionally, we
measured the root growth response of exocyst mutants
to 1-aminocyclopropanecarboxylic acid (ACC), an ethyl-
ene precursor. Ethylene promotes auxin biosynthesis
and/or auxin transport to affect epidermal cell elong-
ation and root growth [66-69], and the root growth re-
sponse to ACC is altered in auxin-related mutants
[70,71]. We reasoned that exocyst mutants should dem-
onstrate altered sensitivity to these hormone manipula-
tions if the reduced root growth rate in exocyst mutants
is primarily the result of a defect in auxin transport.
Contrary to expectation, the root growth dose–response

of exocyst mutants to exogenous auxins, cytokinin, or
ACC proved not to be significantly different from that of
wild-type Col-0 (Figure 6A, Additional file 1: Figure S4).
The pin2-1 mutant provided a contrasting control as, con-
sistent with expectations, its sensitivity to IAA and NAA
was distinct from wild-type. The contrast between exocyst
and auxin mutant response was even more pronounced
with NPA treatment (Figure 6B). Normalized root growth
rates for severe exocyst mutants (i.e. sec8-3, sec8-4
exo70A1-2, and exo84b-1) were more sensitive than wild-
type at NPA concentrations above 1 micromolar (p < 0.01,
t-test, n = 20-28). However, the opposite response was
exhibited by the aux1-7 and pin2-1 controls, which were
less sensitive to NPA in the same concentration range
(p < 0.01, t-test, n = 23-24). Thus, the response of exocyst
mutant roots to exogenous hormone manipulation and
auxin transport inhibition were not consistent with the
hypothesis that exocyst-dependent PIN trafficking was the
primary driver for the reduced root growth rate in exocyst
mutants.
We also examined the distribution and polar localization

of several auxin transporters in exocyst mutants. The differ-
ent auxin transport proteins (PINs, AUX1, and ABC trans-
porters) achieve their individual and polarized localizations
by delivery to the plasma membrane via functionally distinct
secretory pathways [10,72-76], a subset of which could con-
ceivably involve the exocyst. Consequently, we examined
exocyst mutant lines containing labeled auxin transport pro-
teins, PIN1-GFP, PIN2-GFP, PIN7-GFP, AUX1-YFP, and
ABCG36-GFP to see if mislocalizations were evident. The
polar localization within the cells and the pattern of distribu-
tion within the root tips (e.g., the MZ) of these auxin trans-
port proteins in two exocyst mutant lines with severe root
growth defects (sec8-3, and sec8-4 exo70A1) appeared simi-
lar to wild-type, as had previously been reported for the less
severe exo70A1 mutant [36] (Figure 7, Additional file 1:
Figure S5 and Additional file 1: Figure S6). Notably, the ex-
pression of these auxin transporters in exocyst mutants was



Figure 7 Polarized localization of auxin transporters is evident in
exocyst mutants. (A-F) Polarized localization of PIN2-GFP (indicated by
white arrows) in lateral root cap (A, B), meristem (C,D), and elongation
zone (E,F) of sec8-4 exo70A1 mutants (A, C, and E) is similar to that of
wild-type siblings (B, D, and F). In C-F, cortical (left) and epidermal (right)
cell files are shown. Auxin response as indicated by pDR5:GUS (G,H) or
pDR5:GFP (I, J) appears similar in sec8-4 exo70A1 (G) and sec8-3 (I),
compared to their wild-type siblings (H, J). Bar for A-D= 20 microns;
bars for E&F, G&H, and I&J= 50 microns. Localization of additional auxin
transporters in exocyst mutant roots appear in Additional file 1: Figure
S5, and Additional file 1: Figure S6. Additional pDR5:GUS images appear
in Additional file 1: Figure S7.
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observed within smaller regions than wild-type, but consist-
ent with an interpretation of a shortened wild-type distribu-
tion pattern, correlating with their shorter meristems.
Downstream of auxin transport and development of

auxin gradients and auxin-mediated signaling is auxin-
induced modulation of transcription, i.e. the auxin re-
sponse. To further explore the possibility that the exo-
cyst mutants have slower root growth because of a
defect in auxin transport, we examined expression of
pDR5:GFP and pDR5:GUS, reporters of auxin response.
A subtly reduced region of auxin response peaking in
the region of the QC, and indicated by pDR5:GUS ex-
pression was previously observed in exo70A1 mutants
[36]. In four exocyst mutant lines with the most severe
root growth defects (exo84b-1, sec8-1, sec8-3, and sec8-4
exo70A1), we predicted a more profound alteration in
the distribution/pattern of DR5 expression if the exocyst
mutant’s slower root growth was due to a defect in auxin re-
sponse in the stem cell niche or MZ. However, when pDR5:
GFP or pDR5:GUS expression was observed in the roots of
these exocyst mutants, the reporters were observed in the
same region of the root as wild-type with a peak of expres-
sion in the region of the quiescent center (Figure 7G-J,
Additional file 1: Figure S7), albeit over a shorter length of
the root tip, correlating with the smaller meristem. Any
reduction in absolute expression level was not obviously cor-
related with the severity of the root growth defect. When
auxin response was evaluated in seedlings grown in the dark
(which reduces auxin production and acropetal auxin trans-
port [77,78]), the significantly reduced level of pDR5:GUS
expression (compared to that of light grown seedlings) and
the pattern of that expression in the root tip were similar in
sec8-1 mutants and their wild-type siblings (Additional
file 1: Figure S7). Thus, in both light and dark-grown seed-
lings, the root growth defect could not be correlated with an
altered auxin response.
The maintenance and functioning of the stem cell niche

is dependent upon auxin and vital to root growth. Within
the niche, proximal stem cells next to the quiescent center
contribute cells to the MZ, whereas distal stem cells pro-
duce cells that differentiate to become the columella cells
of the root cap, identifiable by the accumulation of starch
containing amyloplasts. Mutations that alter auxin levels
or auxin transport to affect the root stem cell niche lead
to aberrant starch localization, i.e. the presence of starch
in the distal stem cells or the quiescent center, or con-
versely an increased number of non-differentiated (i.e.
starchless) cell layers between the quiescent center and
columella cells [42,78]. However, Lugol staining revealed
starch localization in exo70A1, sec8-3, and exo84b-1 mu-
tants that was similar to that to Col-0 (n > 20 for each
genotype; Additional file 1: Figure S8). This contrasts with
the more diffuse presence of starch in root tips treated
with NPA (Additional file 1: Figure S8B, C; [42,79]), in
which the region of starch staining extends into the distal
stem cells and lateral root cap. The exocyst mutants also
did not demonstrate an increased number of cell layers
that were undifferentiated between the quiescent center
and the differentiated columella (Additional file 1: Figure
S8G), unlike what has been observed in PIN and auxin
biosynthesis mutants [42]. These results also distinguish
exocyst mutants from the icr1 mutant, in which altered
auxin transport is associated with the disappearance of
starch in the columella six days after germination [38].
Seven day-old exocyst mutants do have fewer layers of dif-
ferentiated starch-stained columella cells compared to
Col-0 (consistent with the overall observation of shorter
developmental zones in the root meristem; Additional
file 1: Figure S8-I), but unlike the icr1 mutant the starch
staining pattern persists in the mutants after two weeks of



Figure 8 Root growth in exocyst mutants shows a mild alteration
in response to brassinosteroids. (A) Dose–response of exocyst mutants
to exogenous epi-brassinolide shows mild rescue. (B) Combinations of
exocyst mutations (sec8-4 or exo70A1) and brassinosteroid mutations
(det2-1 or bri1) lead to more severe root growth defects; the combinations
with exo70A1 are synergistic if interpreted by a multiplicative model.
(C) qRT-PCR expression analysis indicates that the expression of
brassinosteroid synthesis genes (CPD and DWF4) are reduced in exocyst
mutants, contrary to what would be expected if the mutants had a defect
in the canonical brassinosteroid signaling pathway.
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growth (data not shown). Thus, an auxin-mediated alter-
ation in the stability and functioning of the root stem cell
niche was not evident in exocyst mutants. This result is
consistent with the root tip expression patterns of WOX5
and PLETHORA transcription factors (Figure 1G-L),
which are believed to be regulated downstream of auxin
signaling to control stem cell activity [42]. In summary,
after assessing several independent characteristics linked
to auxin, we found no evidence to support the hypothesis
that the exocyst mutants’ shortened meristems have a
basis in defective auxin transport or the failure to establish
relative auxin maxima.

The root growth defect in Exocyst mutants is sensitive to
alterations in brassinosteroid signaling
One alternative to an auxin-related basis for reduced root
growth rates in the exocyst mutants would be defective
brassinosteroid signaling, which is closely linked to root cell
elongation. Similar to exocyst mutants, both BR-deficient
and BR-signaling mutants demonstrate reduced hypocotyl
elongation and reduced apical hook formation (phenotypes
associated with reduced cell elongation [27,80]), as well as
altered meristem size and mature cell lengths in the root
[47,48,81]. Furthermore, both the exocyst localization to
the plasma membrane and brassinosteroid signaling are
prominent in root epidermal cells [34,49], and the recycling
of the brassinosteroid receptor, BRI1, at the plasma mem-
brane is disturbed in exocyst mutants [36].
A hypothesized role of the exocyst in brassinosteroid

signaling would be supported by rescue of the root growth
defect in exocyst mutants by exogenous hormone. And in-
deed, exocyst mutants with the most severe root growth
defects, sec8-3 and exo84b-1, demonstrated a mild rescue
when grown on media containing low concentrations (1
or 3.16 nM) epi-brassinolide, whereas wild-type Col-0
plants showed a decreased growth rate in this same con-
centration range, and the brassinosteroid receptor mutant,
bri1, showed no response (insensitivity) (Figure 8A). How-
ever, the rescue was small in absolute terms (Additional
file 1: Figure S9), with the partially rescued growth rate
remaining less than wild-type, and far less than the rescue
observed for the det2-1 brassinosteroid synthesis mutant.
In relative terms, exogenous brassinosteroid stimulated a
significant (p < 0.05, t-test, n = 20-44) increase in growth
rate of 27 and 39 percent over the untreated controls in
sec8-3 and exo84b-1, respectively, providing at least some
support for the hypothesis.
We next overexpressed the kinase BSK3 in sec8-3 and

exo84b-1 mutants to determine whether the observed res-
cue was linked to the canonical BRI1 signaling pathway.
BSK3 is phosphorylated by the BRI1 receptor to activate
downstream BR-induced transcription, and its overexpres-
sion rescues both BR biosynthetic (det2) and BR receptor
(bri1-5) mutants [82]. In both the sec8-3 and exo84b-1
mutants, the over-expression of BSK3 resulted in only
very slight (14 percent and 9 percent, respectively) but sig-
nificant (p < 0.01, t-test, n = 41-147) increases in root
growth rate (Additional file 1: Figure S10). In contrast,
there was no significant difference in the growth rates of
the wild-type siblings when seedlings with or without the
BSK3 construct were compared. Thus, consistent with the
results for treatment with exogenous epi-brassinolide,
BSK3 overexpression provided a slight rescue of the exo-
cyst mutant phenotype.
We also tested for a genetic interaction between bras-

sinosteroid signaling and the exocyst. A quantitative
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synergistic genetic interaction is identified when a double
mutant has a more extreme phenotype than would be pre-
dicted by a neutrality function, a function that predicts the
phenotype when the two mutations do not interact [83].
Neutrality functions based upon multiplicative or additive
models have been used to study genetic interactions
[84,85], with the multiplicative model identified as being
more appropriate for predicting functional relationships
[83]. Seedlings possessing a combination of an exocyst mu-
tation (exo70A1-1 or sec8-4, each associated with a mild
root growth defect) and a brassinosteroid-related mutation
(det2-1, affecting BR synthesis, or bri1, affecting BR signal-
ing) were evaluated to determine if the two mutations had
a synergistic effect on reducing root growth. In each of the
four combinations, the double mutant demonstrated a
more severe root growth defect than either of the single
mutants (Figure 8B, p < 0.01, t-test, n = 20-75). The growth
rates for the double mutants were not significantly different
from what would be predicted by an additive model (p >
0.10, z-test, for all four double mutant combinations), nor
were the growth rates for sec8-4 det2 and sec8-4 bri1 mu-
tants statistically different from prediction by multiplicative
model prediction (p > 0.05, z-test). However, the root
growth defect was significantly more severe than predicted
by the multiplicative model for exo70A1 det2 and exo70A1
bri1 mutants (p < 0.001, z-test). Thus, any synergistic inter-
action is not very robust, as it is only recognizable under
the multiplicative model and only in combination with the
exo70A1 mutant, suggesting that any functional interac-
tions between exocyst-mediated events and brassinosteroid
signaling to influence root growth are limited, and perhaps
indirect.
The biosynthesis of brassinosteroids is known to be

under feedback control, such that decreased signaling
via BRI1, BSK3, and downstream transcription factors
leads to the increased synthesis of BR biosynthesis genes
[86,87]. If the exocyst mutations are causing a defect in
either brassinosteroid availability to receptors, percep-
tion, or downstream signaling through this pathway,
then one would predict that the exocyst mutants should
demonstrate an elevated expression of BR biosynthesis
genes. To test this prediction, qRT-PCR was performed
on cDNA from mutant roots to evaluate the expression
of DWF4 and CPD, two brassinosteroid biosynthesis
genes. Rather than being elevated, expression of these
genes was found to be slightly depressed in the exocyst
mutants (Figure 8C), indicating that BR signaling was
not reduced globally in the root, although this does not
rule out the possibility that signaling is reduced in some
regions or cell types of the root.
To better assess whether the root growth defects in exo-

cyst mutants phenocopy those associated with defects in
brassinosteroid signaling, cell lengths along cortical cell
files obtained by confocal microscopy were evaluated for
det2-1 and bri1-2 mutants and compared to those of exo-
cyst mutants (Figure 1B, Figure 2). This revealed that, at
the cellular level, the root growth defect in the brassinos-
teroid mutants is distinct from that in exocyst mutants.
The shorter root meristem in brassinosteroid mutants is
primarily due to shortened cell length, whereas the shorter
meristem in exocyst mutants is due to fewer cells. A
decreased cell production rate in brassinosteroid mutant
roots is associated with a prolonged cell cycle (consistent
with previous reports: [47,48]) that is not seen in exocyst
mutants. The mature cortical cells of brassinosteroid
mutants had length-to-width ratios that were significantly
greater than Col-0 or any of the exocyst mutants
(Figure 2L, t test, p < 0.001, n = 7). On the other hand,
both the exocyst and brassinosteroid mutants demonstrate
a reduced mature cortical cell length compared to wild-
type (Figure 2E, p < 0.001, t-test, n = 7) and this reduction
is partially due to slower elongation in both cases
(Additional file 2).
To determine if the partial rescue of root growth rate

with exogenous BR could be the result of an effect solely
on exocyst-dependent cell expansion in the EZ, roots
treated with and without 1 nM epibrassinolide were
studied. Root growth rates were ascertained and mature
cortical cell lengths were measured. The growth rates of
exo84b-1, sec8-4 exo70A1, and sec8-3 were 35-49%
higher in the epi-brassinolide treated groups, compared
to the untreated groups (n = 12-18 roots for each geno-
type/treatment group), but the corresponding mature
cortical cell lengths were only 12-19% longer in the exo-
cyst mutants treated with epi-brassinolide, compared to
untreated controls. Thus an effect on mature cell length
could only account for about one-third of the observed
rescue, suggesting the added epi-brassinolide did not act
exclusively to increase cell elongation, but also increased
the cell production rate.
An alternative target for linking the exocyst to BR sig-

naling is BREVIS RADIX (BRX), a plasma membrane-
associated protein that is subject to endocytic recycling
[88,89], and upon auxin treatment translocates to the
nucleus [86] where it potentially mediates cross-talk be-
tween auxin and brassinosteroid signaling pathways
[90]. Mutant brx seedlings have slower growing roots
with shorter meristems and shorter mature cell lengths
[91]. Consequently, we tested whether the exocyst might
be involved in the cycling of BRX to the plasma mem-
brane to affect root growth by attempting to rescue the
root growth defect in exocyst mutants using methods
that have been shown to rescue the brx mutant: over-
expressing BRX; introducing a recessive null LONG
HYPOCOTYL 5 (hy5) mutation [88]; and growing the
mutants on a medium with a more basic pH [92]. In
each case, rescue of the exocyst mutant phenotype was
not achieved, indicating that the root growth defect in
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exocyst mutants is not related to reduced BRX activity
(Additional file 1: Figure S11).

Discussion
The exocyst’s role in primary root growth occurs within
two developmental contexts
The developmental progression of root cells behind the
root cap can be visualized sequentially along cell files
beginning at the quiescent center: division in the meri-
stem proper, slow constant elongation in the transition
zone, exponential elongation in the elongation zone,
followed by cessation of expansion and cell maturation.
As revealed by an examination of the roots of exocyst
mutants, the exocyst has two distinctive roles in root
growth that occur in two different stages of root devel-
opment. First, the exocyst is involved in determining the
root cell production rate by helping to establish the size
of the root meristem, and therefore the number of cells
that are dividing. This is distinct from an effect on the
rate of cell division, which is not reduced in exocyst mu-
tants (i.e. the cell cycle length is not prolonged in the
mutants). Second, the exocyst is involved in determining
mature cell length, primarily by enabling an exponential
rate of cell elongation in the elongation zone (EZ).
There is suggestive evidence that the specific processes

involving the exocyst in these two developmental events
(i.e. meristem size determination and cell expansion in
the EZ) are not the same. Notably, the series of exocyst
mutants differentially affect the two processes. Meristem
size is reduced in parallel with the reduction in root
growth rate over the entire range of exocyst mutants
evaluated. In contrast, rate of cell elongation is reduced
in parallel with growth rate only for the exocyst mutants
with less severe root growth defects; whereas the three
exocyst mutant lines with the most severe defects in
root growth (sec8-3, sec8-4 exo70a1, and exo84b) share
the same dramatically reduced cell elongation rate. In
other words, there is a mismatch in severity of the two
developmental defects across the range of mutants eval-
uated (Figure 9), with the reduction in meristem size
appearing to be a continually graded response, and cell
elongation influenced by an apparent threshold of exo-
cyst activity.
We considered two ways the exocyst might conceivably

influence both developmental events through the same
process. First, the exocyst’s role in helping determine the
size of the growth zones might result in exocyst mutants
not only having a reduced cell production rate because of
a shortened meristem, but also a reduced mature cell
length resulting from a shortened elongation zone (allow-
ing less time for root cells to elongate). However, such an
explanation is not supported by our data: cortical cells in
the mutants spend a longer period in the elongation zone,
but elongate at a slower rate. Second, the exocyst could
affect cells in both the elongation zone and the meristem as
a general facilitator of cell expansion. Such a role could
conceivably slow the cell cycle and the cell production rate
in the meristem by slowing cytokinesis or entry into mitosis
based on cell size. However, again this is not the case: nei-
ther cell elongation rates nor the cell cycle is slower in the
meristems of exocyst mutants. This argues against a general
role for the exocyst in cell expansion, but rather is consist-
ent with an interpretation in which the exocyst is required
for the remarkable cell expansion rates specifically associ-
ated with the EZ. Together, these results favor the hypoth-
esis that the exocyst functions differentially to affect the
size of the root growth zones and, via a different process,
the rate of cell elongation in the elongation zone. Given the
exocyst’s likely role in facilitating vesicle trafficking to the
plasma membrane, one potential explanation for such
differential effects would be based on the presence of devel-
opmental stage-specific cargoes that are dependent on the
exocyst for transport and subsequent activity. In such a
scenario, the pleiotropic, multi-functional nature of the
exocyst would be due to its usage by the organism to cor-
rectly traffic different sets of developmentally-appropriate
vesicle cargoes.

The exocyst affects the size of the root growth zones by a
mechanism that could not be directly linked to auxin
Plant hormones play dominant and interacting roles in
regulating the size of the root meristem and other root
growth zones by controlling and coordinating specific pro-
cesses (reviewed in [3-5,7]). For example, auxin acts on the
stem cell niche [42], promotes cell division in the meristem,
and targets the elongating epidermal cells in the root transi-
tion/elongation zone during a gravitropic response [68];
cytokinins act at the transition zone of the stele [62]; and
brassinosteroid perception in the epidermis mediates its ef-
fect on meristem size [48]. Among the many hormone-
mediated control pathways that affect root growth, auxin
and brassinosteroid signaling were considered the most
likely candidates for involvement of the exocyst. Plasma
membrane localization of exocyst subunits (EXO70, SEC6,
SEC8, EXO84) is prominent in the root epidermis [34], co-
incident with important sites for auxin and brassinosteroid
signaling. Additionally, in the root, the exocyst has been
linked to acropetal auxin transport, as well as to recycling
of the PIN1 and PIN2 auxin efflux carriers and the BRI1
brassinosteroid receptor to the plasma membrane [36].
Consequently, we hypothesized that the root growth defect
in exocyst mutants might be largely the result of a defect in
PIN-mediated auxin transport and signaling, or possibly al-
tered brassinosteroid signaling.
We assessed exocyst mutant roots for indicators of altered

auxin signaling, including: (1) altered sensitivity to either ex-
ogenous auxins, an auxin transport inhibitor, cytokinin, or
ACC; (2) altered localization of auxin transporters, the



Figure 9 The exocyst’s role in root growth. The exocyst is required for root growth in two developmental contexts to affect (A) cell
production; and (B) cell length. Table above graphs shows how parameters determining primary root growth are affected by exocyst mutations;
values shown are percentages of the Col-0 value for each parameter. Bars in graphs A and B represent (from white to black): Col0 (wild-type),
exo70A1, sec5a exo70A1, sec8-4 exo70A1, sec8-3 and exo84b-1. In the meristem exocyst mutations reduce the cell production rate (A), but not the
length of cells in the cortical cell file (B). However, in the transition and elongation zones, where new cells are rarely produced in either wild-type
or exocyst mutant roots, mutation of the exocyst leads to severely reduced cortical cell elongation (B).
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pWOX5::GFP marker for quiescent center identity, auxin-
regulated PLT transcription factors, or DR5-driven
markers of auxin response, (3) rescue with a hy5 mutation,
which is associated with elevated auxin-responsive tran-
scription, and (4) the aberrant presence of starch in the
columella initials. Exocyst mutants treated with exogenous
hormones had dose–response curves that were similar to
wild-type. Localization of markers for auxin responsive-
ness; PIN, AUX1, and ABCG36 transporters; quiescent
center identity; and PLT expression occurred over shorter
root regions coincident with the shorter root growth
zones, but, otherwise, the localization patterns were not
remarkably different in exocyst mutants compared to
wild-type. The hy5 mutation failed to exert any detectable
rescue of the exocyst mutant phenotype. Increased stain-
ing of starch in the columella initials, which is indicative
of altered auxin signaling in the vicinity of the stem cell
niche, was not observed in the exocyst mutants. Although
we did not conduct experiments addressing a possible link
between the exocyst and ABCB auxin transporters, muta-
tion of ABCB transporters leads to phenotypes not
consistent with our observations of exocyst mutants (e.g.,
longer root hairs [91,93], enhanced gravitropism [94,95],
sporadic root curvature [94], prominent reduction of the
number and growth of lateral roots [94,96,97]). It must be
acknowledged that direct assessment of auxin signaling by
the TIR complex was not addressed in the range of
experiments performed on exocyst mutants. However, the
severe root growth defect observed in exocyst mutants
could not be convincingly associated with any of several
indirect indicators of altered auxin transport or signaling.
Drdová, et al. [36] demonstrated that the recycling of

PIN1 and PIN2 proteins to the plasma membrane from
brefeldin-A compartments is delayed in both exo70A1 and
sec8-1 mutants. Our results do not necessarily contradict
these data, but do argue that a role for exocyst activity in
PIN trafficking is not a major driver influencing root
growth rate. The lack of a clear connection to altered
auxin signaling in exocyst mutants also contrasts with the
mutant phenotypes of the Rop GTPase- and SEC3-
interacting scaffold protein ICR1 [37], which dramatically
perturbs root meristem pattern (e.g., disorganized WOX5
and DR5::GUS expression) and auxin transport (e.g., al-
tered PIN1 and PIN2 subcellular distribution) [38]. Thus,
our observations also argue against the exocyst as the pri-
mary link between ICR1 and auxin. However, auxin regu-
lates a broad range of developmental and physiological
processes, and auxin transport and signaling is corres-
pondingly complex [98,99]. Thus, we cannot rule out al-
tered auxin transport or signaling in exocyst mutants as a
contributor to their root growth defect; but we conclude
that the exocyst is unlikely to be directly linked to root
growth via a currently understood process in auxin trans-
port and signaling.
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Enhanced brassinosteroid signaling can partially
compensate for, but not fully rescue, the root growth
defect in exocyst mutants
We also investigated the possibility that the exocyst is in-
volved in the transport of brassinosteroids to the plasma
membrane where they bind BRI1-type receptors [13], or in
the plasma membrane placement of those receptors, to
affect brassinosteroid signaling [81]. Consistent with this
possibility, exocyst mutants with severe root growth defects
did demonstrate a small, but statistically-significant, rescue
of the mutant phenotype with the application of exogenous
epi-brassinolide, and an altered dose–response curve. Over-
expression of the BR signaling kinase, BSK3, to activate BR
signaling downstream of BRI1 receptor also caused a slight
increase in root growth of exocyst mutants that was not
seen in their wild-type siblings. Evaluation of double
exocyst-brassinosteroid mutants for a genetic interaction
provided a somewhat ambiguous result: the double
mutants, exo70A1 det2-1 and exo70A1 bri1, had growth
defects that were more severe than would be predicted
from the growth rates of single mutants by a multiplicative
model, but not by an additive model. These data support a
functional interaction between the exocyst and brassinos-
teroid signaling, but are consistent with the possibility that
this interaction is indirect.
Three lines of evidence suggest the exocyst does not dir-

ectly interact with brassinosteroid signaling to affect root
growth. First, qRT-PCR analysis indicates that the expres-
sion of brassinosteroid synthesis genes is not elevated in
exocyst mutant roots. This is contrary to the expectation
for defects in brassinosteroid signaling, because feedback
control dictates increased expression of the BR synthesis
genes when the BR signal is attenuated (86). Second, al-
though the dynamics of BRI1 cycling is altered from
wild-type in exocyst mutants treated with BFA [36], the
ultimate localization of BRI1-GFP to the plasma mem-
brane is not significantly altered in exocyst mutants
with the most severe root growth defects (Additional
file 1: Figure S9). Third, a detailed comparison of the
cortical cell length profiles reveals important differences
between exocyst and brassinosteroid mutants. Short-
ened meristems in exocyst mutants are due to fewer
cells (not an altered cell cycle), whereas shortened meri-
stems in brassinosteroid mutants (det2-1 and bri1-2) are
primarily due to shortened cell lengths (and are also as-
sociated with a prolonged cell cycle). Both exocyst and
brassinosteroid mutants demonstrate a reduced mature
cortical cell length and a slower rate of cell elongation in the
elongation zone, but the rate of cell elongation is much
more dramatically reduced in exocyst mutants, and the final
cell length-to-width ratio is also distinct. A specific role for
the exocyst in trafficking of the upstream regulatory protein,
BRX, was discounted when several experimental manipula-
tions known to rescue the brx mutant failed to rescue the
exocyst mutant root growth phenotype. Together these ob-
servations argue that the exocyst root growth phenotype is
not primarily driven by defects in brassinosteroid signaling.
The partial rescue of the growth rate defect by applica-

tion of low concentrations of epi-brassinolide deserves
further consideration. Recent evidence suggests that in
addition to the canonical intracellular BR signaling via a
kinase cascade [9,81], there is also a non-cell autonomous
BR-induced signal from the root epidermis to the steele
[48], a BR-induced fast response involving activation of a
plasma membrane P-ATPase [100], and a BR induced cyc-
lic GMP-mediated Ca2+ signaling cascade [101]. A direct
role for the exocyst in any of these pathways could explain
the observation that epi-brassinolide treatment provides a
stronger rescue than the specific induction of the kinase
cascade via BSK3 overexpression. Alternatively, rescue of
the exocyst phenotype could be accomplished indirectly,
by BR induction of a process that can partially compensate
for loss of exocyst function. As an example, in S. cerevi-
siae, overexpression of SRO7 (an Lgl family protein that
interacts with t-SNAREs) can suppress the growth defects
of multiple exocyst mutants [102]. Induction of a similar
gene function in Arabidopsis by BR would have a larger
effect if exocyst activity is reduced, explaining both the
partial epi-BR and BSK3 rescue.

Potential alternative roles for the exocyst in root growth
Overall, despite a role for the exocyst in PIN and BRI1
trafficking in root epidermal cells (36), the root growth
defect in exocyst mutants does not appear to be ex-
plained by a simple inhibition of the known auxin/cyto-
kinin- and brassinosteroid-based mechanisms that help
define the developmental activities of the root meristem
and elongation zone [40,48]. However, observation of
the constellation of root growth characteristics seen in
exocyst mutants, occurring with an apparent independ-
ence from these phytohormones pathways, is not unpre-
cedented. The exocyst mutant phenotype is mimicked
in seedlings overexpressing the UPBEAT transcription fac-
tor [103]. Overexpressing UPBEAT down-regulates ex-
pression of class III peroxidases in the root’s elongation
zone, leading to an altered balance of reactive oxygen spe-
cies (ROS), a resultant shift in the root’s transition zone
(i.e. between proliferation and differentiation) and reduced
root growth. UPBEAT is hypothesized to act both directly
(via expression of peroxidases secreted to the apoplast)
and indirectly (via ROS signaling) to modify cell walls.
The possibility of exocyst involvement in a ROS-mediated
mechanism to affect root growth, for example, a role in
the secretion of peroxidases in the root’s elongation zone,
deserves exploration.
The exocyst mutant root phenotype (including reduc-

tion in size of growth zones and reduced rate of cell elong-
ation, occurring without prolonged cell cycle duration,
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altered stem cell niche, or a prominent defect in auxin
transport) is also strikingly similar to that reported for seed-
lings stressed by growth on medium containing elevated
concentrations of ammonium [104]. There is no obvious
link between the exocyst and ammonium metabolism, but
there could be a connection between the exocyst and a
plant’s response to abiotic stress. Repression of root cell
elongation occurs in response to a variety of environmental
stresses [104-106], and setting the size of the growth zones
is considered to be the key regulatory act for root growth
acclimation to environmental conditions [107]. Thus, the
primary characteristics of root growth that are affected
upon inhibition of exocyst function are coincident with
those root growth characteristics that are adjusted in re-
sponse to environmental stress. The potential involvement
of the exocyst in the root’s growth response to abiotic envir-
onmental stress is an interesting possibility.
Environmental stressors elicit a host of varied signal-

ing pathways, involving hormone-modulated systems
[2,108,109], cell-type developmentally-specific tran-
scriptional modules [1,103], and ROS [110,111]. How-
ever, similarities in the root growth response suggest
these pathways may ultimately converge to a common
set of downstream mechanisms that alter growth. Cen-
tral to the downstream mechanisms, particularly in the
root’s transition and elongation zones, are secretory
processes that deliver material to form the cell wall
matrix (e.g., secreted pectins and hemi-celluloses), and/or
proteins that modify the matrix to promote cell wall loos-
ening and expansion (e.g. expansins, xyloglucan endo-
transglycolase/hydrolases, endo-(1,4)-β-D-glucanases, and
peroxidases) [14,112-117]. Modulating the activity of the
exocyst to affect these downstream secretory events and
cell wall expansion could be integral to the mechanisms
that ultimately allow for growth that is both developmen-
tally coordinated and environmentally responsive. The
framework for exocyst function in the growing root estab-
lished here will help better define future work to address
this and the aforementioned possibilities.

Conclusions
A complex network of interacting, overlapping, feedback-
controlled, and often hormone-mediated mechanisms
have evolved to control and maintain primary root growth
[3-5,118]. In the midst of this complex system, perhaps at
multiple sites, lies the exocyst, a putative molecular tether
that facilitates secretory vesicle delivery for fusion to the
plasma membrane in both plant [19,34,35] and non-plant
species [16-18,23]. Mutate a component of the exocyst
and a dramatic reduction in root growth rate results, in
certain cases down to a mere 11% of the growth rate
observed in wild-type roots. At the same time, the resili-
ence of the system is revealed in exocyst mutants: they
maintain the overall meristematic, growth zone, and tissue
layer structure of wild-type roots, although the number of
cells in these regions is reduced in the mutants. Evaluation
of cortical cell files reveals that the slower growth rates in
exocyst mutants arise because their meristematic cell
production rates are lower, and their mature cells are
shorter compared to wild-type roots. This analysis pro-
vides evidence that the exocyst functions in two different
developmental contexts to affect root growth, seemingly
independent of auxin and brassinosteroids, influencing
both the size of the growth zones and the rate of cell
elongation.

Methods
Plant material and growth conditions
Lines of Columbia-0 ecotype of Arabidopsis thaliana
with T-DNA insertions and other mutants were obtained
from the SALK Institute [119]: exo70A1-2 (At5g03540)
SALK 135462; sec5a-1 (At1g76850) SALK 010127; sec8-
1 (At3g10380) SALK 057409; sec8-3 (At3g10380) SALK
026204; sec8-4 (At3g10380) SALK 118129; sec8-6 (At3g
10380) SALK 091118; bri1 (At4g39400) SALK 003371;
det2-1 (At2g38050) CS6159; pgm-1 (At5g51820) CS210;
arg-1 (At3g68370) SALK 024542C. The exo84b-1 line
was a GABI-Kat line [120], provided from the Zarsky
Lab (30). Exocyst T-DNA insertion sites for exocyst re-
lated SALK lines were verified by sequencing. PCR geno-
typing for exocyst mutant alleles was performed as
previously described [27,28]. Homozygous exocyst mu-
tants with severe root growth defects (i.e. sec8-1, sec8-3,
exo84b-1) are virtually sterile and were obtained in the
progeny of self-crossed heterozygous plants. The homo-
zygotes could be readily identified by root growth and
root hair phenotypes and were consistently verified by
spot-checking with PCR). Mutant lines aux1-7 and pin2-
1 were provided by M. Ivanchencko. Marker lines
pPLT1:gPLT1-YFP, pPLT2:PLT2-YFP and pWOX5:GFP
were provided by Y. Du and B. Scheres; pPIN7:PIN7-
GFP was provided by Wendy Peer, Purdue University;
PIN1-GFP, PIN2-GFP and AUX1-YFP were provided by
S. Robert and N. Raikhel; ABCG36/PEN3-GFP was pro-
vided by B. Underwood and S. Somerville; pDR5:GFP
and pDR5:GUS were from M. Ivanchenko. Marker
BRI1-GFP was provided by J. Chory; p35S:BSK3-YFP
was provided by Z. Wang; and p35S:BRX-GFP was pro-
vided by A. Amiquet.
Arabidopsis seeds were surface-sterilized, stratified at

4°C for 3–5 days, and planted on growth media (1x MS,
2% (w/v) sucrose, and vitamins) or soil as previously
described [28]. Serial dilutions of hormones were pre-
pared and added to media cooled to 50°C prior to pour-
ing plates. Phytohormones: 3-indoleacetic acid (IAA),
naphalene acetic acid (NAA), N-6-benzyladenine,
24-epibrassinolide, 1-aminocyclopropanecarboxylic acid
(ACC), and naphthylphthalamic acid (NPA), as well as
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brefeldin A (BFA) were all obtained from Sigma-Aldrich.
Plants were grown in a climate chamber at 22°C under
long-day conditions (16 hr. of light per day).

Microscopy
Root growth rates at 7 days of growth were calculated from
the differences in root lengths observed on days 6 and 8,
and captured with a Canon Power Shot A710IS digital
camera, or with a Moticam 1000 camera attached to a Zeiss
Stemi SV 11 dissecting microscope. For the analysis of root
tips stained for GUS activity or starch, seedlings were fixed
in 0.3% formaldehyde in 0.33 M phosphate buffer pH 7.2
for 30 min at room temperature, and then rinsed three
times in 50 mM phosphate buffer pH 7.2. GUS activity was
analyzed after staining the fixed seedlings overnight at 37°C
and then cleared as described by Malamy and Benfey [121]
and modified by Ivanchenko, et al. [122]. Starch was stained
by placing fixed root tips in Lugol stain [0.34% (w/v) I2 with
0.68% (w/v) KI in H2O] for 15 minutes. Light microscopy
of root tips stained for GUS activity or starch was
performed on a Zeiss Axiovert microscope with differential
interference contrast optics. Live roots stained with propi-
dium iodide (10 μg/ml for at least 15 minutes) or contain-
ing fluorescent markers were imaged at the Confocal
Microscopy Facility of the Center for Genome Research
and Biocomputing and the Environmental and Health
Sciences Center at Oregon State University using a Zeiss
LSM510 META with Axiovert 200 motorized microscope
with version 3.2 LSM software (National Institute of Health
grant number 1S10RR107903-01). Root lengths or cell di-
mensions in digital images were measured using ImagePro
6.2 software (MediaCybernetics, www.mediacy.com).

Cortical cell file analysis
Four distinguishable developmental zones - the meristem,
and the transition, elongation, and maturation zones
[5,41] - were identified by examining cortical cell lengths
along a cell file. Analyzed from the tip, cells lengths ob-
served within a two-fold range were considered to be div-
iding and were identified as meristematic cells. Following
the meristem, a transition zone (some have called the dis-
tal elongation zone) was identified as the region where cell
lengths no longer appeared to divide to produce two
smaller cells, but instead showed a slow steady increase in
length as one proceeded up the cell file. The transition
zone ended and the beginning of an accelerated elong-
ation zone was identified by a series of cells that increased
exponentially in length. This elongation zone ended and
the maturation zone began when there was no longer an
exponential increase in cell size, but instead cell lengths
varied around an average mature cell length, whereas in
neighboring cell layers root hairs or lateral root formation
were often observed. Analysis of growth parameters from
cortical cell length profiles is described in detail in
Additional file 2. Briefly, the cell production rate was cal-
culated by dividing the root growth rate by the average
mature cell length [123,124]. An estimate of the length of
the cell cycle was obtained by dividing the cell production
rate by the number of dividing cells (i.e. the number of
cells in the meristem) and multiplying by the ln(2) [46].
The average time interval between each cortical cell leav-
ing the meristem to enter the transition and elongation
zones was estimated as the inverse of the cell production
rate [123,125,126]. Linear regression analysis of the cell
length data after logarithmic transformation then provided
a basis for determining the exponential rate constant for
elongation in the elongation zone, and a means for com-
parison of the elongation curves between genotypes.

qRT-PCR
Whole roots were harvested from 8 day old seedlings
growing on MS plus 2% sucrose medium on vertically
oriented plates, and immediately frozen in liquid nitro-
gen, and stored in −80 degree C freezer. Three biological
replicates (50–100 mg tissue each = up to ~100 roots)
were collected for each genotype, with each biological
replicate composed of the pooled root samples from a
particular planting of seeds from a unique parent plant.
RNA was collected from the frozen tissue by grinding it
under liquid nitrogen using mortar and pestle, adding
TRIzol reagent (Invitrogen Cat No. 15596–018), and col-
lecting the aqueous phase of a chloroform extraction.
The RNA was precipitated from the aqueous phase with
the addition of isopropyl alcohol, pelleted by centrifuga-
tion, washed with 75% ethanol, and briefly dried. Each
pellet was redissolved in RNase-free water, and purified
with QIAGEN RNeasy MinElute Cleanup Kit, Cat No.
74204 following manufacturer’s instructions. Quality and
quantity of the purified RNA was verified using an Agi-
lent Bioanalyzer 2100 (RIN’s: 9.8-10.0). RNA was treated
with DNaseI (Invitrogen, Cat No 18068–015) prior to
synthesis of cDNA using the Superscript III First-Strand
Synthesis System (Invitrogen, Cat No. 18080–051) per
manufacturers protocol.
The qRT-PCR was performed using the BioRad CFX96

cycler. Primers (listed in Additional file 3) were designed to
amplify selected sequences using the following criteria: Tm
of 59–61 C, primer lengths of 20–25 nucleotides, guanine-
cyctosine contents of 40-55%, amplifying near the 3′ end of
the transcripts to produce an PCR amplicon length of 55–
150 bp, and covering an exon-exon junction if possible.
Quantification cycle values from qPCR were obtained for
three technical replicates for each of the 3 biological repli-
cates for each gene evaluated per plant genotype. Efficiency
for each qPCR reaction was determined by evaluation of a
dilution series run on the same plate as the samples (Effi-
ciencies are included in Additional file 3). TIP41 (At4g3
4270), SAND (At2g28390), and a protein coding gene

http://www.mediacy.com


Cole et al. BMC Plant Biology  (2014) 14:386 Page 17 of 20
(At4g33380) were selected as reference genes based upon
their documented stability of expression and successful use
in qRT-PCR studies of roots [127-131]. Cq values were
converted to relative quantities by comparing Cq values
from each exocyst mutant line to the corresponding Cq
value for Col 0. Calculation of these relative quantities took
into account qPCR efficiencies, utilizing the qBase frame-
work [132].
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