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In plants, apical meristems allow continuous growth along the
body axis. Within the root apical meristem, a group of slowly
dividing quiescent center cells is thought to limit stem cell activity
to directly neighboring cells, thus endowing them with unique
properties, distinct from displaced daughters. This binary identity
of the stem cells stands in apparent contradiction to the more
gradual changes in cell division potential and differentiation that
occur as cells move further away from the quiescent center. To
address this paradox and to infer molecular organization of the
root meristem, we used a whole-genome approach to determine
dominant transcriptional patterns along root ontogeny zones. We
found that the prevalent patterns are expressed in two opposing
gradients. One is characterized by genes associated with develop-
ment, the other enriched in differentiation genes. We confirmed
these transcript gradients, and demonstrate that these translate to
gradients in protein accumulation and gradual changes in cellular
properties. We also show that gradients are genetically controlled
through multiple pathways. Based on these findings, we propose
that cells in the Arabidopsis root meristem gradually transition
from stem cell activity toward differentiation.
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The root apical meristem (RAM) is responsible for generating
the cells that are incorporated into existing cell files (Fig.

1A). Cells close to the root tip have stem cell properties: they
generate daughters that are displaced from the tip and ones that
remain close to the tip, and could act as long-term progenitors
for the cell file (1). Embedded within the root meristem is a
region of very low mitotic activity, the quiescent center (QC) (2).
Ablation of the QC in Arabidopsis causes neighboring cells in the
root cap to become differentiated (3). Thus, the QC has been
proposed to maintain a stem cell state in neighboring cells. This
property has only been unequivocally shown for the (distal) root
cap (3), in which a single nondifferentiated cell layer separates
the QC from morphologically differentiated cells (4). However,
the concept of a single “stem cell” layer surrounding the QC has
been transposed to other tissue initials. The cell directly adjacent
to the QC is believed to be the stem cell for the cell file, and have
unique properties. Its displaced daughters, similar to transit-
amplifying cells, have increased division capacity, which is lost
as cells are displaced into the elongation and differentiation
zones (reviewed in refs. 5 and 6). In contrast to the binary def-
inition of the stem cell and the nonstem cell daughters, which is
anatomically evident in the root cap, the process of cell differ-
entiation in the proximal meristem follows a gradual progression.
Differentiation of xylem and phloem cell types (7–9), as well as
endodermis (10) and hair-producing epidermal cells (11, 12), is
progressive and involves several consecutive steps. A key ques-
tion is whether the proximal meristem undergoes binary (on–off)
cell fate transitions or more gradual differentiation steps. This
would be reflected in on–off or gradual gene-expression patterns
along the longitudinal axis of the root meristem. While several

studies have described genome-wide patterns of gene activity in
cell types or zones within the root meristem (13–15), these
studies lack the resolution in the longitudinal axis to distinguish
these two possibilities. Here we use a dedicated approach to
isolate specific cell populations, within the proximal meristem,
differing in their distance from the QC. From the transcriptome
organization of these different cell populations we conclude that
there is a gradual decrease in stem cell-related transcripts and an
increase in differentiation-related transcripts with increasing
distance from the QC.

Results
Intensity-Based Cell-Sorting Can Separate Cell Populations Along
Gradients. To molecularly characterize the organization of the
proximal meristem, we used FACS (16). By separating cells into
different pools based on fluorescence intensity, we expected to
separate the meristem into ontogenetic zones. As a proof-of-
concept, we initially made use of the xylem-specific TARGET OF
MONOPTEROS5 (TMO5) gene reporter (pTMO5::TMO5:3GFP)
(17). In addition to being cell-type–specific, this gene shows high
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expression close to the QC, which gradually decreases shootward
(SI Appendix, Fig. S1C). GFP+ cells were divided into two popu-
lations, one with high-GFP (i.e., cells close to the QC) and one with
low-GFP expression (i.e., cells away from the QC) (SI Appendix,
Fig. S2). Microarray analysis revealed a large number of genes with
differential expression [1,227 genes with fold-change > 1.3 and
significantly changed (q < 0.05) in high vs. low; including,
HISTIDINE PHOSPHOTRANSFER PROTEIN6 (AHP6) (18),
LONELY GUY3 (LOG3) (19, 20), several CYCLIN genes, and
TMO5 itself] (Dataset S1). Gene Ontology (GO) enrichment
analysis revealed significant enrichment of “developmental
and cell cycle processes” in the “high” population (Dataset S2).
Because these results indicate that it is possible to obtain in-
formative cell-type–specific transcriptomic data from intensity-
based sorted cells, we next exhaustively sampled cell populations
along expression gradients. Sorting was performed to generate
complementary datasets: one cell-type–specific xylem dataset and
two “general” datasets (across cell types). The same TMO5 reporter
line was used for the cell-type–specific dataset, while two general
gradient lines with either a short/steep (pPLANT U-BOX25;
pPUB25::n3GFP) (21) or a long/shallow (pSPATULA; pSPT::
n3GFP) (21) gradient were used for the general datasets (Fig. 1
B–D and SI Appendix, Fig. S1). The shallow gradient in the SPT
line should inform about expression patterns across the entire

meristem, while the steep gradient in the PUB25 line should
provide increased resolution in the region closest to the QC. We
employed the same differential cell sorting method as described
above, except that GFP+ cells were divided into three populations:
proximal (P, with highest GFP signal), medial (M, with intermediate
GFP signal), and distal to the QC (D, with lowest GFP signal),
schematically represented in Fig. 1 B–D. It should be noted that
expression in the columella can be observed in both pPUB25-
n3GFP and pSPT-n3GFP lines, and these cells are likely sorted into
one of the zones, along with cells from the proximal meristem.
Given that there are between 24 and 30 columella cells, and that
each zone in the proximal meristem conservatively consists of more
than 300 cells, we do not expect that cosorting of root cap cells will
strongly influence gene-expression profiles. Following differential
sorting, transcript levels of PUB25 and SPT were evaluated in each
sample by qPCR. These transcripts were found to be about 10-fold
higher in the proximal population compared with the distal pop-
ulation (and intermediate in the medial population) in agreement
with the observed GFP signal in the root (SI Appendix, Fig. S3).
Thus, this validates the use of GFP levels as a proxy for transcript
levels, and also demonstrates that differential cell sorting could
successfully separate cell populations along gradients.

Transcript Profiling Reveals Dominant Opposing Transcriptional Gradients.
After cell sorting, we used total RNA for transcriptome profiling
by RNA-sequencing. Differential gene expression was calculated
through comparisons between each of the cell populations (SI
Appendix, Table S1 and Dataset S3). Similar to our qPCR results,
transcript levels of PUB25, SPT, and TMO5 were found to grad-
ually decrease in the cell populations farther away from the QC
(SI Appendix, Fig. S4 A–C). Further statistical analysis, using hi-
erarchical clustering and principal component analysis, indicated
that the cell-type–specific TMO5 dataset is distinct from the
general datasets of PUB25 and SPT, and that sampling of similar
cell populations (SPT proximal and three regions of PUB25) from
different gradient lengths resulted in similar datasets. As pre-
dicted, all three PUB25 cell populations clustered with the prox-
imal cell population derived from the SPT line (SI Appendix, Fig.
S4 D and E).
Quality threshold-clustering (22) of all significantly differen-

tially expressed genes (q < 0.05) resulted in six dominant ex-
pression profiles (SI Appendix, Fig. S5 A–C). When performing
the same clustering after removing all genes expressed in the
root cap (above an expression level of 5 in ref. 14), we identified
identical dominant clusters for both SPT and PUB25 datasets (SI
Appendix, Fig. S5 D and E), further supporting the idea that
columella cosorting has negligible effects on the data, and sug-
gesting that the sorted population indeed represent zones in the
proximal meristem.
Interestingly, most of the genes (TMO5: 42%, PUB25: 60%,

and SPT: 77%) showed a graded expression profile; either
downward (P > M > D) or upward (P < M < D). Specifically,
over 1,500 genes showed a graded expression profile that was
higher in the proximal population and significantly reduced in
the other populations (i.e., a downward gradient, P >M >D, q <
0.05) (Fig. 1E and Dataset S4) over all of the datasets. The
enriched GO terms from this cluster were related to “gene ex-
pression,” “development,” and “cell cycle” (Fig. 1E and Dataset
S2). Accordingly, expression profiles of genes known to be impor-
tant for root meristem development and cell division [e.g., AHP6,
AUXIN RESPONSE FACTOR6 (ARF6), ARF8, KINESIN-12B,
LOG3, PIN-FORMED1 (PIN1), PIN4, PLETHORA1 (PLT1),
PLT2, SHORT-ROOT, ZWILLE, and several CYCLIN and
CYCLIN-DEPENDENT KINASE (CDK) genes] (18–20, 23–29)
exhibited this graded profile (Fig. 2). Interestingly, analysis of the
overlapping genes between the datasets revealed a set of 468 genes
with a downward gradient, specific for the PUB25 dataset. When
we examined the expression profile of these genes in the SPT

Fig. 1. Experimental set-up and results of high-resolution datasets. (A) Schematic
overview of organization of stem cells in the Arabidopsis RAM. The QC is
depicted in green, stem cells in red, and stem cell niche is outlined in light
green. (B and C) Schematic indication of isolated cell populations by cell
sorting. Three lines were used: two with broad gradients, one steep (B) the
other shallow (C), and a cell-type–specific line (D). (E) Genes identified
(1,530 in total) in gradients emanating from proximal populations (P > M >
D). Enriched GO terms include those associated with developmental pro-
cesses. (F) Genes identified (998 in total) in P < M < D gradient. Enriched GO
terms include those associated with differentiation processes. (G) Genes
identified (255 in total) expressed only in proximal cell population. No GO-terms
were enriched. Micrographs (B–D) were taken at the same magnification.
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dataset, we found that 217 (46%) were not significantly changed
between any of the populations in SPT, while most of the remaining
genes [146 (31%)] were expressed significantly lower in the SPT
medial population compared with the proximal population, but did
not change further shootward. This confirmed our expectation that
the steeper gradient of PUB25 is capable of capturing expression
dynamics at a higher resolution than SPT, increasing the overall
resolution of our datasets. The clustering analysis also identified
many genes with a graded expression profile in the opposite di-
rection. Analysis of genes with low but detectable expression [>one
fragment per kilobase of exon per million fragments (FPKM)], in
the proximal population revealed around 1,000 genes with signifi-
cantly increased expression in the more distal cell populations (i.e.,
an upward gradient, P <M <D, q < 0.05) (Fig. 1F and Dataset S4).
GO terms for genes in this category associated mostly with “cell
differentiation and maturation processes” (Fig. 1F and Dataset S2).
These included ACAULIS 5, BIFUNCTIONAL NUCLEASE 1,
COBRA, IRREGULAR XYLEM 1, and XYLEM CYSTEINE
PEPTIDASE 2 genes (Fig. 2), known to control aspects of differ-
entiation (30–34). This suggests that genes associated with differ-
entiation are expressed in very young meristematic cells, and
increase in expression level as cells progress toward differentiation.
Importantly, there were no dominant clusters resembling a bi-

nary expression profile (SI Appendix, Fig. S5). We tested if our
analysis has the depth and analytical power to identify genes
with such expression patterns by exploring the profiles of well-
established markers for small cell populations in the QC or cells
in its vicinity. The ACR4, CYCD6, NTT, and WIP4 genes all dis-
played the predicted binary profile. Hence, such genes are iden-
tified by our analysis. We next identified all genes showing this
pattern and investigated what functions are associated (Methods,
Fig. 1G, and Dataset S4). While this resulted in 255 genes (over all
datasets; none were found in the TMO5 dataset), including the
abovementioned NTT and WIP4, there were no significantly
enriched GO-terms associated with these genes (Fig. 1G).
Thus, instead of discrete zones of stem cells, division, and dif-

ferentiation, most genes in our datasets are expressed in opposing
gradients of stem cell activity and differentiation potential.

Transcriptional Gradients Translate to Protein Gradients and Correlate
with Gradual Differentiation in the RAM. To determine if the tran-
script gradients observed in our RNA-sequencing datasets are a
consequence of complex posttranscriptional regulation, or are
generated by direct transcriptional control, we made reporter lines
for 16 genes predicted to show a gradient of expression (SI Ap-
pendix, Fig. S6). Fifteen of the 16 lines showed the predicted ex-
pression gradient, and the remaining line could not be detected in
the root (Fig. 3, Table 1, and SI Appendix, Fig. S7). Thus, finding

that the vast majority of the sampled genes followed the predicted
expression pattern indicated that the RNA-sequencing expression
profiles can be highly predictive. Notably, lines 3 (IQD8), 4
(IQD6), 8 (AT2G42110), and 11 (AT4G23800) (Fig. 3 C, D, G,
and J) showed very strong expression in the proximal region
that gradually decreased. Expression of genes following this
downward gradient (P > M > D) were more easily imaged than
those following an upward gradient. This is likely due to de-
tection limits of the microscope, as expression levels of genes in
an opposite gradient are generally very low in the proximal region
(Fig. 3O′). Overall, these data suggest that these expression
profiles are likely generated by direct transcriptional output and
promoter activity.
Next, we addressed whether posttranscriptional control influ-

ences the output of the observed transcriptional gradients. To
this end, we analyzed translational fusion proteins of seven dif-
ferent genes whose expression formed a gradient. These included
four genes identified here (4: IQD6, 11: AT4G23800, 19: ERF13,
and 20: BZIP61), as well as previously identified TMO5 (17),
TMO7 (17), and SPT (21). In all cases, the protein reporters were
expressed in similar graded protein abundance, as seen for their

Fig. 2. Graphs depicting expression profiles of genes known for their in-
volvement in development (Left) or differentiation (Right) in PUB25, SPT,
and TMO5 datasets, showing opposite profiles. FPKM expression level in
proximal (P), medial (M), or distal (D) population is shown.

Fig. 3. Overview of expression profile as visualized by promoter activity in con-
focal micrographs, of selected genes: all lines with visible expression in the root tip
follow the RNA-sequencing-predicted graded expression profile. (A) 1: FLP; (A′)
overexposed image ofA; (B) 2: SCL; (C) 3: IQD8; (D) 4: IQD6; (E) 5:AT2G34357; (F) 7:
AT2G38370; (G) 8: AT2G42110; (H) 9: SWA1; (I) 10: AT3G14190; (J) 11: AT4G23800;
(K) 12: AT5G10010; (L) 13: AT5G16250; (M) 14: AT5G17160; (N) 16: ATNFXL1; (O)
17: ZFHD1; (O′) overexposed image ofO shows very low signal in first meristematic
cells (pink arrowhead). Micrographs were taken at the same magnification.
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transcripts (Table 1, SI Appendix, Fig. S4 B and C, and Dataset
S3) and transcriptional fusion reporters (Figs. 3 D and J and 4 A–
G). This indicates that transcriptional gradients can be directly
translated into protein gradients.
Cellular properties are defined by the activities of their proteins.

Therefore, a key question is whether the gradual molecular or-
ganization of the root meristem (by transcript and protein gradi-
ents) also translates into gradual cellular changes in the root
meristem. In support of this hypothesis, xylem (8, 9), phloem (7),
and endodermis (10) differentiation processes have been shown
to involve several successive steps. However, each of these pro-
cesses commences in cells that are some distance from the QC. It
is unclear if gradual cellular changes can be observed in the

youngest meristem cells. We therefore imaged cellular proper-
ties (nucleus size and cell volume) along the meristem, starting
in the cells adjacent to the QC. We found that both epidermis
nuclear size (Fig. 4H) and cell volume (Fig. 4I and SI Appendix,
Fig. S8) did not abruptly increase along the meristem, but in-
stead follow a graded pattern of increase. Thus, gradients of gene
expression in the root meristem correlate with the existence of
gradients of protein accumulation, as well as gradual cellular
reorganization.

Expression Gradients Can Be Uncoupled from Meristem Size.Although
our data suggest that a large number of genes are expressed in
gradients along the RAM, it remains unclear how and if these

Table 1. Expression values, fold-changes, and observed expression domain of selected genes

No. AGI
Short

description

FC FPKM Observed expression pattern

LR TMO-P TMO-M TMO-D PUB-P PUB-M PUB-D SPT-P SPT-M SPT-D Root
Regulated
by PLT1/2*

1 AT1G14350 FLP 1.57 38.57 36.95 31.27 17.59 7.58 8.69 15.43 8.57 6.95 P > D
Gradient† (p)

No

2 AT1G63100 SCL 1.69 68.83 53.79 42.91 34.11 23.48 22.34 36.91 8.73 3.10 P > D
Gradient (p)

No

3 AT1G72670 IQD8 2.69 25.74 19.30 13.33 11.69 8.03 8.48 7.76 2.82 0.62 P > D
Gradient

Yes+

4 AT2G26180 IQD6 2.05 73.89 45.14 35.85 11.70 7.76 14.20 14.51 3.74 1.79 P > D
Gradient
(p + g)

Yes+

5 AT2G34357 ARM repeat
protein

1.57 48.74 43.09 34.31 17.73 16.78 24.41 22.73 9.11 6.95 P > D
Gradient (p)

Yes+

6 AT2g38160 Unknown
protein

1.84 41.02 24.75 16.82 23.64 11.75 1.10 18.25 7.41 2.44 ND No

7 AT2G38370 Unknown
protein

1.86 44.81 34.09 20.85 11.29 8.77 10.66 14.30 5.33 2.14 P > D
Gradient (p)

Yes+

8 AT2G42110 Unknown
protein

2.20 834.66 389.55 333.09 82.49 92.37 62.94 153.11 80.45 0.00 P > D
Gradient (p)

No

9 AT2G47990 SWA1 1.55 65.08 62.28 50.50 29.22 31.83 45.30 41.58 26.85 13.87 P > D
Gradient (p)

Yes+

10 AT3G14190 Unknown
protein

2.04 41.09 25.01 20.81 25.53 20.99 15.13 12.82 11.82 13.55 P > D
Gradient (p)

No

11 AT4G23800 HMG family
protein

2.12 211.09 135.06 99.43 147.95 92.50 96.52 108.21 32.33 14.12 P > D
Gradient
(p + g)

No

12 AT5G10010 Unknown
protein

1.52 43.41 43.00 33.39 17.79 19.94 26.55 26.79 19.02 14.37 P > D
Gradient (p)

No

13 AT5G16250 Unknown
protein

2.50 65.80 37.66 27.53 46.66 27.45 21.79 33.58 13.59 9.86 P > D
Gradient (p)

No

14 AT5G17160 Unknown
protein

2.10 62.36 37.89 26.90 15.43 14.67 19.85 15.39 3.88 1.56 P > D
Gradient (p)

Yes+

15 AT5G67390 Unknown
protein

1.68 24.39 16.72 12.70 0.43 4.44 6.46 2.00 5.72 8.67 ND No

16 AT1G10170 ATNFXL1 −1.68 10.97 11.08 17.96 34.26 65.63 47.62 29.68 66.50 127.43 P < D
Gradient (p)

No

17 AT1G69600 ZFHD1 −1.83 5.23 11.64 14.48 17.90 24.29 18.87 11.06 38.05 50.68 P < D
Gradient (p)

No

18 AT2G43680 IQD14 −2.31 11.00 14.24 31.30 12.72 17.18 19.52 23.33 58.01 65.47 No
expression (p)

No

19 AT2G44840 ERF13 −2.45 27.84 31.76 51.55 373.37 212.88 183.69 162.44 254.96 169.86 P < D
Gradient (g)

No

20 AT3G58120 BZIP61 ND 13.81 26.56 41.93 4.08 49.61 68.36 6.14 22.12 72.08 P < D
Gradient (g)

Yes−

FC, fold-change high-GFP vs. low-GFP population; g, tested by translational (genomic) fusion; LR, low-resolution TMO5 dataset; ND, Not determined; p,
tested by transcriptional (promoter) reporter; PUB-D, PUB25 distal dataset; PUB-M, PUB25 medial dataset; PUB-P, PUB25 proximal dataset; SPT-D, SPT distal
dataset; SPT-M, SPT medial dataset; SPT-P, SPT proximal dataset; TMO-D, TMO5 Distal dataset; TMO-M, TMO5 medial dataset; TMO-P, TMO5 proximal dataset.
Regulation by PLT1/2: Yes+, positive regulation; Yes−, negative regulation; *Santuari et al. (37).
†Very weak expression in vascular cells showing P > D gradient, strong expression in root cap and columella.
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gradients are developmentally regulated. One possibility is that
gradients form through inheritance of regulators during cell di-

vision. Alternatively, the gradient-forming mechanism may set
gradient length independently of growth (SI Appendix, Fig. S9A).
Therefore, we asked if the identified transcriptional gradients
scale proportionally with meristem size. To address this question,
we exogenously applied brassinolide (BL) and trans-zeatin (tZ).
Treatments with these phytohormones decrease meristem length,
which is easily quantifiable by measuring meristem length from
QC to the first elongated cortical cell (Fig. 5 A and B). We used
the fluorescent reporter lines of gradient-expressed genes isolated
from the RNA-sequencing analysis to determine the extent of
expression of these gradient-expressed genes in plants treated with
BL or tZ (Methods and SI Appendix, Fig. S9B). We first established
that all lines showed wild-type sensitivity to BL and tZ treatment
(Fig. 5A). However, only two of these (lines 5: AT2G34357 and 16:
ATNFXL1) and the known gradient-expressed PLT1 and PLT2
genes (23, 35, 36) showed a reduction of gradient length pro-
portional to the reduction in meristem length upon tZ treatment
(Fig. 5 E, H, and J and SI Appendix, Fig. S9 C–E). None of the
other five tested lines showed this for either treatment (Fig. 5 C–J).
Given the relatively large overlap between genes with a graded

expression profile and PLT1/2 target genes (for downward gradient
dataset: TMO5: 30%, PUB25: 31%, and SPT: 34%; for upward
gradient dataset: TMO5: 53%, PUB25: 43%, and SPT: 35%) (37)
(SI Appendix, Table S2), there could be PLT-dependent regulation
that is growth-dependent. However, the presumed PLT1/2 target 4:
IQD6) (37) (Table 1), behaves differently from PLT1/2 expression
upon perturbation of the meristem (Fig. 5J). This demonstrates
that several of the tested expression profiles can be uncoupled from
both growth and PLT regulation, and suggests a diverse genetic
basis for transcriptional gradient formation.

Disrupting Transcription Gradients Leads to Growth Defects. To de-
termine if normal regulation of the observed gradients is relevant for
normal growth and development, we aimed to override endogenous
expression regulation. To this end, we expressed four of the gradient
genes under control of the strong 35S promoter. All analyzed lines
had stable overexpression of the respective gene of at least 10-fold
the normal expression level (SI Appendix, Fig. S10). For each gene,
multiple independent lines had disrupted root growth as a result of
the overexpression (Fig. 6A). For example, in lines overexpressing
gene 4: IQD6, all independent lines showed disturbed root growth
and this coincided with reduced RAM length (Fig. 6B). These data
indicate that disruption of a single transcriptional expression gradient
can lead to reduced root growth, indicating that these gradients are
important for normal growth and development.

Discussion
In this study, we have established a framework for the molecular
organization of the root meristem. We have characterized genes
expressed in cell populations of varying ontogeny to critically
assess the mode of organization. Our results indicate that there
are few, if any, qualitative differences between the most distal
cells, commonly considered stem cells, and more proximal cells.
Rather, differences between the regions within the proximal
meristem are quantitative and appear to be dynamic (Fig. 6C).
We have identified large gene clusters expressed in opposing
graded profiles along the meristem. There is a strong association
with developmental and differentiation processes in these re-
spective clusters. We found that the transcriptional gradients can
be directly translated into protein gradients and are well corre-
lated with cellular features (i.e., nuclear size and cell volume).
While it is possible that direct contact of meristem cells to the
QC confers unique properties, these properties do not appear to
translate into a striking gene-expression difference between them
and their more shootward progeny. In addition to the distinction
between stem cells and their dividing daughters (often referred to as
“transit amplifying cells”), additional zones have been distinguished,
including a transition zone, elongation zone, and differentiation

Fig. 4. Transcriptional gradients are translated to gradients in protein abundance
and correlate with cellular properties. (A–G) Translational fusions of 4: IQD6 (A),
11: AT4G23800 (B), TMO5 (C and C′), TMO7 (D and D′), SPT (E and E′), 19: ERF13
(F), and 20: BZIP61 (G) indicate similar protein gradients as observed for their
transcripts (compare with Figs. 3 D and J, panels C–E, and Table 1, respectively).
(H and I) Quantification of epidermal nuclear size (H) and cell volume (I) relative
to cell contacting QC reveals progressive increase of both cellular parameters.
Black line indicates mean relative size/volume, of 13 (nuclear size) and 18 (cell
volume) cell files. Micrographs (A–G) were taken at the same magnification.
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zone (5, 6). Given the dominant gradient transcript patterns, a
distinct possibility is that the qualitative properties that have been
assigned to different zones are in fact different outputs of the same
quantitative core framework. In this scenario, thresholds of ex-
pression could result in differential outputs.

An open question is how these gradients are regulated. Our
results indicate that expression regulation is not generic, as some
gradients are affected by changes in meristem size, while others are
not. Thus, gradients do not simply follow from a growth or dilution
process, but seem to have diverse inputs. One such input could be
the PLT transcription factors (23, 35, 36), as there is considerable
overlap between gradient genes and PLT targets (37). Neverthe-
less, the majority of genes are not PLT targets and several of the
gene-expression reporters had responses to root growth inhibition
that are distinct from the changes in PLT expression, suggesting
independent regulation. It will be interesting to determine the gene
regulatory networks that generate gradients. Particularly, the
growth-independent gradients are fascinating, as it is unknown at
present how such patterns could be regulated. Another open
question is whether the upward and downward gradients are in-
dependent of each other, or whether they interact, for example, by
mutual inhibition of graded transcriptional regulators. A precedent
for such a system comes from the analysis of PLT target genes.
PLTs can activate or repress target genes in a dose-dependent
manner (36, 37), and could thus influence both up- and down-
ward gradient genes. While PLTs are indisputably important in this

Fig. 6. Disruption of expression gradient can lead to reduced root growth.
(A) Bar graph depicting relative root length in respective overexpression
lines, relative to Col-0. For each gene, multiple independent lines show a
significant reduction in root length as a result of overexpression. For 4: IQD6
all independent lines had reduced root length. Mean relative root length is
shown with bars indicating SE. n = 45–77. (B) Bar graph showing relative
RAM length in overexpression lines of 4: IQD6, relative to Col-0. n = 56–71.
RAM length reduction correlates with root length reduction and over-
expression of gene 4: IQD6. Mean relative RAM length is shown with bars
indicating SE. ns, not significant; P > 0.05; *P < 0.05; **P < 0.001, as calcu-
lated by Student’s t test. (C) Proposed model for proximal meristem orga-
nization by opposing gradients of stemness and differentiation potential.

Fig. 5. Gradient length can be uncoupled from growth. (A) Bar graph showing
the relative meristem length after treatment with BL or tZ, as measured by the
length fromQC until the first elongating cortex cell. n= 3–10. This shows stable and
easily measurable meristem length reduction after 3 d of treatment in Col-0 and
reported lines. Response to hormones was found to be not significantly different
between transgenic lines and Col-0 (P > 0.05; two-way ANOVA). (B–I) Confocal
micrographs of Col-0 (B) and promoter lines 2: SCL (C), 4: IQD6 (D), 5: AT2G34357
(E), 7: AT2G38370 (F), 11: AT4G23800 (G), 16: ATNFXL1 (H), and 17: ZFHD1 (I) after
3 d mock treatment (Left) or with BL and tZ (Center and Right, respectively). White
bars indicate meristem length. (J) Gradient length quantification of all analyzed
lines after treatment. Mean relative gradient length is shown with bars indicating
SE. ns, not significant; P > 0.05; *P < 0.05; **P < 0.001, as calculated by Student’s
t test. Results show that gradient expression can be uncoupled from growth and
PLT regulation. Genes indicated in red were idenfified in this study to show a
downward gradient (P >M > D) and those in green an upward gradient (P <M <
D). n = 10–19. Micrographs (B–I) were taken at the same magnification.
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process, their action alone cannot explain all observed expression
profiles and behavior upon perturbation. It will therefore be in-
teresting to further investigate what PLT-independent mechanisms
play a role in this and how they interact.

Methods
Plant Material and Growth Conditions. Previously described reporter lines for
TMO5 [pTMO5::n3GFP; pTMO5::TMO5:3xGFP (17)], TMO7 [pTMO7::n3GFP;
pTMO7::TMO7:GFP; (17)], SPT [pSPT::n3GFP (21)], PUB25 [pPUB25::n3GFP
(21)], PLT1 [pPLT1::PLT1:YFP (35)], and PLT2 [pPLT2::PLT2:YFP (35)] were used.
Seeds were surface-sterilized and grown on MS plates under standard long-day
growth conditions (22 °C, 16:8-h light/dark cycles) following a 1- to 4-d stratifi-
cation at 4 °C. Arabidopsis ecotype Columbia-0 was used as wild-type control in
all cases. Hormone treatments were performed for 3 d by transferring 2-d-old
seedlings to plates containing either 5 nM of BL or 1 μM of tZ.

Cloning and Plant Transformation. Promoter fragments (up to 3-kb upstream of
the start codon) and coding sequences (CDS) from selected genes were am-
plified from genomic DNA (promoter) or root cDNA (CDS) using PCR and
Phusion Flash master mix (Thermo Scientific) and the primers described in SI
Appendix, Table S4. PCR products were cloned into the pPLV4_v2 (promoter) or
pPLV26 (CDS) vectors using ligation-ndependent cloning (LIC) (38, 39). Trans-
lational fusion constructs (for 4, 11, 19, and SPT) were generated by cloning the
whole genomic region, including up to 3-kb upstream promoter into the
pPLV16 vector using LIC (38, 39) and primers listed in SI Appendix, Table S4. For
meristematic tagging of the nuclear envelope, a nuclear targeting factor (NTF)
(40) was cloned after the RPS5A promoter (41) using LIC and primers listed in SI
Appendix, Table S4. All constructs were confirmed by sequencing, and sub-
sequently transformed into Arabidopsis Col-0 wild-type plants through Agro-
bacterium-mediated transformation. At least three independent transformants
were checked and representative pictures are shown.

Microscopic Analysis. Confocal laser-scanning microscopy was performed as
previously described (21) using a Leica SP5. Briefly, 5-d-old seedling roots were
stained using propidium iodide (PI; Invitrogen) and visualized using the fol-
lowing wavelengths: 488-nm excitation and 500- to 535-nm detection for GFP
and 600- to 700-nm detection for PI. Measurements were performed and
brightness and contrast were adjusted using Leica Application Suite Advanced
Fluorescence and ImageJ software. Nucleus size was measured using a marker
for the nuclear envelop (pRPS5A::NTF:GFP) and measuring the width of the
nucleus in each cell along 13 epidermal cell files in 5 independent roots. For
cell volume determination, 5-d-old seedling roots were first stained with mPS-
PI (42) and cell outlines were subsequently imaged using confocal microscopy.
Cell volumes from 18 cell files were calculated from 3D z-stacks of 13 in-
dependent roots by 3D segmentation using MorphoGraphX software (43).

Tomeasure gradient length, confocal images were taken and fluorescence
intensity was normalized to show only the top 50%. The length of the
remaining fluorescence was measured, comparing mock to treated root tips
(SI Appendix, Fig. S9B).

For esthetic reasons, all micrographs were globally adjusted in brightness
and contrast, rotated, and displayed on a matching background.

FACS. FACS of plant protoplasts was performed as described in ref. 16. Briefly,
root tips of 6-d-old seedlings were cut and incubated in protoplasting Solution
B [1.5% (wt/vol) cellulysin and 0.1% (wt/vol) pectolyase in Solution A (600 mM
mannitol, 2 mMMgCl2, 0.1% [wt/vol] BSA, 2 mM CaCl2, 2 mMMes, 10 mM KCl,
pH 5.5)] for 1 h at room temperature. Cells were spun down at 200 × g for
6 min and resuspended in Solution A. Cells were sorted on a MoFlo Astrios
(Beckmann), based on strength of GFP signal at 488-nm excitation. Cells were
collected in RLT buffer from a Qiagen RNeasy Micro kit and directly frozen.

RNA Isolation and RNA-Sequencing Library Preparation. Total RNA from sorted
cells was isolated using a Qiagen RNeasy Micro kit, RNA concentration was
measured using a Life Technologies Qubit 2.0 fluorometer, and RNA integrity
was measured using an Agilent 2100 bioanalyzer plant RNA 6000 pico kit, all
following the manufacturers’ instructions. Ten nanograms of total RNA was
used for amplification in an Ovation RNA-Seq System V2 (NuGEN). Approx-
imaely 3 μg of amplified cDNA was fragmented to 200 bp on a Covaris

Sonication system. Next, 100 ng was subsequently used to prepare libraries
for Illumina RNA-sequencing, using Ovation Ultralow Library Systems (NuGEN),
following the manufacturer’s instructions.

Quantitative RT-PCR and RNA-Sequencing. qPCR was performed as previously
described (44). Poly(dT) cDNA prepared from 10 ng of total RNA using an
Invitrogen SuperScript III or Bio-Rad iScript kit and the manufacturer’s in-
structions, followed by qPCR using SYBR Green Master Mix (Applied Bio-
systems) or iQ SYBR green mix (Bio-Rad). All reactions were performed in
triplicate, using primers designed in Beacon designer 8.0 (Premier Biosoft In-
ternational) (SI Appendix, Table S4) and data were analyzed using the qBase
program (45). Signals were normalized against expression of PP2A or ACTIN2
and EEF1α4 (46).

RNA-sequencing was performed using Illumina HiSEq. 50SE (Duke IGSP
Genome Sequencing and Analysis Core Resource, Duke University, NC). Data
were analyzed and visualized using the Tuxedo suite (47). Bowtie was used to
create an Arabidopsiswhole-genome index file based on TAIR10 Arabidopsis
genome annotation (48). Next, TopHat was used to align sequencing reads
to the genome and build a transcriptome index using the following pa-
rameters: minimal intron length = 35 bp; maximal intron length = 2,000 bp.
An average of 16.9 million reads were mapped to the genome, accounting
for about 85% of all reads (SI Appendix, Table S1). The mapped read counts
were then used to calculate differential expression using Cufflinks and the
following parameters: minimal isoform fraction = 0.05; pre-mRNA fraction =
0.05; minimal intron length = 35 bp; intron overhang tolerance = 8, com-
paring all cell populations to each other. A combination of R and FileMaker
pro software was used to visualize and interpret the data.

Quality threshold-clustering was performed using MultiExperiment
Viewer software (22) calculating a Pearson correlation with a maximum
cluster diameter of 0.5 and minimum cluster population of 5.

Direct analysis of different expression profile clusters was performed with
the following criteria:

For downward (P > M > D) gradient: genes were included only when the
fold-change was significantly (q < 0.05) larger in the proximal population
compared with the medial population and when the same was true between
the medial and distal populations.

For upward (P < M < D) gradient: genes were only included when the
fold-change was significantly (q < 0.05) larger in the distal population
compared with the medial population, when the same was true between
the medial and proximal populations, and when detectable expression (>1
FPKM) was observed in all populations.

For on–off profiles: genes were included when expression was detectable
(>1 FPKM) in the proximal population, but not in the other populations (<1
FPKM), and where the difference between the proximal and medial pop-
ulations was significant (q < 0.05).

GO-term enrichment analysis was performed using the Cytoscape software
with BiNGO plugin (49, 50). Overrepresented biological process terms were
calculated compared with the Arabidopsis genome using a hypergeometric
test and a Benjamini–Hochberg false-discovery rate (P value) below 0.05.

Data Availability. RNA-seqdata hasbeendeposited inGeneExpressionOmnibus
with accession no. GSE98097. In addition, for easy accessibility and visualization,
these data are available at the AraBidopsis Embryonic and Root Transcriptome
brOwser (AlBERTO; albertodb.org), an interactive gene expression database.
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