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A coordinated transition from cell proliferation to differentiation is crucial for organogenesis. We found that extensive
chromatin reorganization, shown here for histone H3 proteins, characterizes cell population dynamics in the root
developmental compartments. The canonical H3.1 protein, incorporated during S-phase, is maintained at high levels in cells
dividing at a high rate but is massively evicted in cells undergoing their last cell cycle before exit to differentiation. A similar
pattern was observed in the quadruple mutant for the H3.1-encoding genes HTR1, HTR2, HTR3, and HTR9 (htr1,2,3,9), in
which H3.1 is expressed only from the HTR13 gene. H3 eviction is a fast process occurring within the G2 phase of the last cell
cycle, which is longer than G2 in earlier cell cycles. This longer G2 likely contributes to lower the H3.1/H3.3 ratio in cells
leaving the root meristem. The high H3.1/H3.3 ratio and H3.1 eviction process also occurs in endocycling cells before
differentiation, revealing a common principle of H3 eviction in the proliferating and endocycling domains of the root apex.
Mutants in the H3.1 chaperone CAF-1 (fas1-4) maintain a pattern similar to that of wild-type roots. Our studies reveal that H3
incorporation and eviction dynamics identify cells with different cell division potential during organ patterning.

INTRODUCTION

Developing organs consist of very strictly balancedpopulations of
proliferating and differentiating cells. In plants, organogenesis is
entirely postembryonic and occurs in a continuous manner
throughout the life of the organism. Plant roots are made up of
three major regions: the root apical meristem (RAM), where new
cells are produced; the elongation zone, where cells arrest pro-
liferation and initiate endoreplication; and the differentiated or
mature zone (Petricka et al., 2012). In the apical part of the RAM,
the stem cell niche is organized by a group of approximately four
cells, the quiescent center (QC), that rarely divide and the sur-
rounding stem cells in contact with the QC (Heyman et al., 2014).
Stem cells undergo asymmetrical divisions and their derivatives
maintain proliferation potential for a limited number of cell cycles
within the transient amplifying compartment of the RAM, which is
the proliferation domain (the most rootward half; Baskin et al.,
2010). Afterwards, the division potential decreases in cells within
the transition domain of the RAM, where mitoses are infrequent
(Ivanov and Dubrovsky, 2013). Thus, root development depends
on the activity of stem cells, the proliferation of their derivatives,
the decrease in cell division competence, and the initiation of
endoreplication and differentiation (Petricka et al., 2012). How-
ever, while the size of all these cell populations depends on the
proliferative potential, themechanismsdetermining the lifespanof
stem cell derivatives is not fully understood (Scheres, 2007).

Likewise, the defining features of cells with different proliferation
potential are also poorly understood.
Specific gene expression patterns guided by master regulatory

genes determine the boundaries within growing organs (Scheres,
2007; Heidstra and Sabatini, 2014). In the case of Arabidopsis
thaliana roots, detailed transcriptomic analyses have provided in-
formation about genes expressed in 12 arbitrarily defined regions
along the root as well as in the different cell types (Birnbaum et al.,
2003; Brady et al., 2007). One key feature contributing to the
spatiotemporal regulation of gene expression patterns, in both
plants and animals, is the appropriate organization of chromatin,
including DNA sequence, nucleosome positioning, and histone
composition and posttranslational modifications at specific loci.
There are numerous chromatin changes that occur in association
with cell cycle progression as well as in the transition to cell dif-
ferentiation (Desvoyes et al., 2014). Together they generate par-
ticular chromatin states that direct gene activity (Pfluger and
Wagner, 2007; Maze et al., 2014; Sequeira-Mendes et al., 2014;
Kundaje et al., 2015). H3 is one of the histone family members that
contains variants and can be posttranslationally modified in many
different residues (Kouzarides, 2007).While there are twocanonical
histones in vertebrates, the only canonical histone in plants isH3.1,
differing from the variant H3.3 in only four amino acids that confer
them different properties regarding genome distribution, post-
translational modifications, and binding to chaperones (Loyola and
Almouzni, 2007;Goldbergetal.,2010; IngouffandBerger,2010;Shi
etal., 2011;Stroudetal., 2012;Jacobetal., 2014;Oteroetal., 2014).
Remarkably,H3.1 is incorporatedonlyduringDNA replication in the
S-phase, while H3.3 is exchanged in a cell cycle-independent
manner (Loyola and Almouzni, 2007).
We reasoned that the dynamics of the H3 isoforms might be in

a strict relationship with the cell population dynamics within the
RAM. In this study,we tested thishypothesis, andwedemonstrate
that changes in the H3.1/H3.3 balance occur along the root in
association with changes in the proliferative potential of root
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meristem cells. In short, we found that (1) the H3.1/H3.3 ratio in
individual nuclei is an indicator of the proliferative potential of the
cell; (2) a large and fast H3.1 replacement in the last G2, which is
longer than in previous cell cycles, identifies cells undergoing
their last cell cycle; (3) the same pattern of high H3.1/H3.3 ratio
and H3.1 eviction is reproduced in the root elongation zone after
endoreplication; and (4) the H3 eviction pattern seems to be
a general feature since it also occurs in other cell types and
developmental conditions, e.g., stomatal lineage and hypocotyl
cells. Together, our results serve to define functionally different
cell populations in the root domains and reveal that H3 re-
placement, cell division potential, and differentiation are in-
timately coordinated.

RESULTS AND DISCUSSION

Cell Fate Acquisition in the Embryo Associates with Massive
H3.1 Replacement

In Arabidopsis, five genes code for identical H3.1 proteins and
three genes code for identical H3.3 histones. We designed an
approach tomonitor the in vivo dynamics of H3.1 andH3.3 using
plants that express tagged H3.1 (HTR3 or HTR13 genes) and
H3.3 (HTR4 or HTR5 genes), under their own promoters
(Supplemental Figures 1A and 1B; see Methods). The expression

levels of endogenous genes and the transgenes differed by
less than 2- to 4-fold (Supplemental Figure 1C). The H3-GFP
fusion proteins showed the expected subnuclear locali-
zation and immunoblot analysis revealed their integrity
(Supplemental Figures 1D and 1E). It has been demonstrated
previously that the use of different tags on H3 proteins render
similar incorporation results (Goldberg et al., 2010). Since the
tagged proteins recapitulated the expected pattern for en-
dogenous proteins using cellular and genomic approaches
(Ingouff et al., 2010; Stroud et al., 2012; Wollmann et al., 2012;
Otero et al., 2014), we considered them bona fide markers of
H3.1 and H3.3.
We first focused on the H3.1/H3.3 balance during Arabidopsis

embryodevelopment.At theglobular stage, theembryocontains
cells with high division potential. We found that most nuclei
containeda relatively highH3.1 level (Figures1A, 1B, 1E, and1F).
In fact, the patchy pattern that is typical of cell cycle-regulated
proteins was not very apparent at this early stage. Since H3.1 is
incorporated only during S-phase, this is consistent with the
occurrence of fast cell cycle (perhaps due to a shorter G1). The
patchy pattern was recovered at later embryo stages (Figures
1C, 1D, 1G, and 1H). Interestingly, the QC cells showed high
levels of H3.1 at early stages (Figures 1A, 1B, 1E, 1F, and insets
A1, B1, E1, andF1), but a drastic reduction of H3.1was observed
inQCcells at heart and torpedoembryos (Figures1C,1D,1G,1H,
and insets C1, D1, G1, and H1). Since it is after the 16-cell stage

Figure 1. Histone H3.1 Labeling Pattern during Arabidopsis Embryo Development.

Embryosofplants expressingH3.1(HTR3)-GFP ([A] to [D]) orH3.1(HTR13)-GFP ([E] to [H]) are shownatdifferent stages: globular ([A]and [E]), early ([B]and
[F]) and late ([C] and [G]) heart, and torpedo ([D] and [H]). Cell membranes were stained with FM4-64 (red). Insets focus on the region containing the QC
(white arrowheads) in each case.
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that the QC cells acquired their fate and start to express QC
markers, e.g., WOX5 (Scheres et al., 2002; Haecker et al., 2004),
these H3.1 dynamics suggest an association between cell di-
vision potential andH3.1 content. This is also clearly observed in
plants expressing both H3.1-GFP and H3.3-mRFP, in which QC
cells at late embryo stages appeared almost exclusively labeled
with H3.3-RFP (Supplemental Figures 2C and 2D), whereas they
contain high levels of H3.1-GFP at early stages (Supplemental
Figures 2A and 2B), except in the rare cases where they divide
(Heyman et al., 2013). We found the same pattern using two
different H3.1 genes (HTR3 andHTR13; Figures 1A to 1D and 1E
to 1H, respectively), suggesting that our observations are not

exclusive to one H3 gene. These observations revealed an ex-
tensive H3.1 replacement in late embryo stages and suggest
a correlation between low H3.1 content and a reduction of
proliferative potential.

A Low H3.1/H3.3 Balance Identifies Cells Undergoing Their
Last Cell Cycle in the Transient Amplifying Compartment of
the RAM

Next, we investigated the H3.1/H3.3 balance within the RAM.
Here, H3.3 was expressed constitutively while the patchy pattern
of H3.1 was obvious (Figures 2A and 2B), confirming previous

Figure 2. Developmental Pattern of H3.1/H3.3 Dynamics.

(A) Confocal image of root epidermis expressing H3.1(HTR3)-GFP. Cell walls were labeled with propidium iodide (red).
(B) Same as in (A) but for H3.3(HTR5)-GFP.
(C) Detail of QC cells of a root expressing H3.1(HTR3)-GFP.
(D) Same as in (C) but for H3.3(HTR5)-GFP plants.
(E) Epidermal layer of a root expressing both H3.1(HTR3)-GFP and H3.3(HTR5)-RFP. Cell membranes stained with FM4-64 appear in magenta.
(E1) Detail showing two cells in metaphase, one containing both H3.1 and H3.3 and another with an undetectable H3.1 signal.
(F) Relative position of mitotic figures in the root epidermal layer labeled with H3.3(HTR5)-RFP only or with both H3.1(HTR3)-GFP and H3.3(HTR5)-RFP, as
indicated,alongtheRAM.Position0 indicates theendof theRAMand21.0thefirstepidermalcell thatcanbeidentifiedintheconfocalplane (n=53;P=0.05; t test).
(G) Epidermal layer of a root expressing both H3.1(HTR13)-RFP and CYCB1;1-GFP. Cell membranes stained with FM4-64 appear in magenta.
(H) Relative position of mitotic figures labeled with H3.1(HTR13)-RFP or CYCB1;1-GFP, as indicated, along the RAM. Positions are as in (F). The two
populations are statistically similar (n = 77; P = 0.05; t test).
(I)Epidermal layerof rootsexpressingbothH3.1(HTR3)-GFPandH3.3(HTR5)-RFPcontrolplantsand treatedwithproteasome inhibitors (50mMMG132plus
0.5 mMepoxomycin) for 3 h, as indicated. Note that the overall H3.1-GFP labeling pattern is not affected by the treatment. Arrowheads point tomitotic cells
that accumulate in the presence of proteasome inhibitors.
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observations (Ingouff et al., 2010). Interestingly, the QC cells were
not labeled with H3.1-GFP (Figures 2C and 2D), consistent with
the observation in late embryos and with the arrest in G1 of QC
cells (Forzani et al., 2014). A similar pattern was observed in other
root cell layers, e.g., epidermis and cortex, and with other H3
genes (Supplemental Figures 2E to 2P).

Root growth is the combination of continuous production of new
cells (within the RAM) and the increases in cell length in the lon-
gitudinal root axis that occur in the elongation/differentiation zone
(Beemster and Baskin, 1998). Thus, the stem cell derivatives un-
dergo several cell divisions to produce cells that constitute the
transient amplifying compartment (Scheres, 2007) and finally exit
the cell cycle and initiatedifferentiation. This definesa rootwardhalf
of the RAM (the proliferation domain), where all cells divide, and
ashootwardhalf (the transitiondomain),wherecells arrest in thecell
cycle.Therefore, theproliferative fraction(i.e., the fractionofdividing
cells within the meristematic population) decreases from 1.0 in the
proliferation domain to;0.0 along the transition domain (Beemster
and Baskin, 1998; Ivanov and Dubrovsky, 2013).

To determine H3 dynamics in relation to the proliferation
potential, we assessed in detail the H3.1/H3.3 balance along
the RAM by focusing first on mitotic cells. Visual inspection of
root meristems of doubly labeled H3.1-GFP/H3.3-mRFP plants
revealed thatmostmitosesoccur in the rootwardhalf of theRAM,
as expected from the known reduction of the proliferative
fraction in the shootward half of the RAM. Unexpectedly, we
found that two types of fluorescently labeled mitoses were
detected within the proliferation domain of the root (Figure 2E):
one doubly labeled with GFP and mRFP and another labeled
almost exclusively with mRFP. Moreover, the distribution of
these two types of labeled mitoses appeared to be nonrandom.
Thus, doubly GFP/mRFP-labeledmitoses weremore frequent in
the most rootward part of the proliferation domain of the RAM
while its shootward part, next to the transition domain of the
RAM, was enriched in mRFP-labeled mitoses, as exemplified
here for the epidermal cells (Figures 2E, 2E1, and 2F). The epi-
dermis contains two different cell types, trichoblasts and atri-
choblasts, which differ in their proliferation rate (Berger et al.,
1998). By scoringGFP and/ormRFP-labeledmitoses separately
in these cell types, we found that the H3.3-mRFP-labeled cell
distribution in trichoblasts was wider than in atrichoblasts
(Supplemental Figure 3), likely accounting for the different di-
vision rate and potential between these cell types (Berger et al.,
1998). To rule out that these observations wereGFP specific, we
generated plants expressing H3.1-mRFP and found that mRFP-
labeled mitoses were also highly enriched in the most rootward
part of the proliferation domain (Figures 2G and 2H). Moreover,
crossing these plants with the CYCB1;1-GFP marker of cycling
cells allowed us to show that the distribution of H3.1-mRFP-
containing mitoses largely colocalizes with the CYCB1;1-GFP
expression domain of the RAM (Figures 2G and 2H).

The finding that there are mitoses with high and low H3.1/H3.3
ratios and that they have a defined spatial localization pattern
within the RAM is highly informative since H3.1 is exclusively
incorporated during S-phase (Gurard-Levin et al., 2014). As the
mitoses labeled only with H3.3-mRFP are enriched toward the
end of the proliferation domain, we concluded that these mitotic
cells have completed their last division (characterized by a low

H3.1/H3.3 ratio, as a result of massive H3.1 eviction prior to mi-
tosis). Furthermore, the presence ofmitoses with a lowH3.1/H3.3
ratio is indicative of ahighH3.1exchange thatmust haveoccurred
during theG2phase incells undergoing their last cell division in the
RAM (Supplemental Movie 1; see for example the 2nd nucleus
from the bottom, labeled in red, in the leftmost atrichoblast cell file
of the root that enters mitosis). Therefore, it is reasonable to
conclude that we are visualizing the histone replacement event
that occurs at the exit of cell proliferation before initiating the
endocycle program in the elongation zone of the root.
One possibility is that the proteasome is involved in H3.1

eviction and degradation, thus contributing to the observed H3.1
pattern in mitotic cells in different RAM domains. We performed
experiments inwhichplants expressingbothH3.1-GFPandH3.3-
mRFP were incubated for 3 h with proteasome inhibitors (MG132
and epoxomycin). This treatment was physiologically informative
since we observed a clear accumulation of mitotic figures, as
expected (Figure2I). The total amountofGFPormRFP labelingdid
not change significantly after this treatment. We did not observe
either accumulationofH3.1-GFPsignal in thecytoplasmofmitotic
cells (Figure 2I). Furthermore, the H3.1-GFP labeling pattern was
maintained in the presence of proteasome inhibitors. Together,
our results strongly suggest that the proteasome is not a major
component responsible for the observed H3.1 incorporation/
eviction dynamics.
We analyzed high-resolution microarray data along the root

(Brady et al., 2007) and found that the high expression of many
cell cycle and chromatin genes in the more rootward slices
(Supplemental Table 1) declined drastically at the beginning of
the transition domain. It is worth noting that this pattern precisely
colocalizes with the H3.1 decrease and is consistent with the
loss of proliferation capacity. These changes in gene expres-
sion patterns along the root may be highly dependent upon
the presence or absence of specific transcription factors, likely
including cell cycle regulators, developmentally regulated pat-
terning genes, and cell type-specific factors, among others.
Therefore, we conclude that a complex network of signals con-
tributes to coordinate cell proliferation potential and gene ex-
pression pattern within the root meristem.

Cells Undergoing Their Last Cell Cycle in the RAM Possess
a Longer G2

Ourdatasuggest thatH3dynamicsallowsdiscriminationbetween
cells undergoing cell division in the rootward and shootward
halves of the RAM. Furthermore, a striking feature is that H3.1
replacement in the last cell cycle is very fast, occurring within
a single G2 phase. We considered the possibility that these cells
experience an extended G2 phase compared with that in the
earlier divisions of stem cell derivatives, thus contributing tomore
efficient H3.1 replacement. Preliminary support for this idea was
obtained by analyzing the labeling pattern of mitoses a few hours
after a short pulse with EdU and the analysis of EdU-labeled
mitoticfiguresatdifferent timepointsafterward.Forexample,after
a few hours chase (see also below), we consistently found that
EdU-labeled mitotic figures appeared to be enriched in the most
rootward half of the meristem, whereas in the other half most
mitotic figures were not labeled with EdU (Figure 3A). This finding
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suggested that cells in their last cell cycle undergo a longer G2.
Accordingly, we directly measured the G2 phase length along the
RAM by determining the kinetics of appearance of EdU-labeled
mitotic cells.Rootmeristemswere labeledwithEdU for15minand
then chased for different times. EdU-labeled mitotic figures were
scored in whole-mount 49,6-diamidino-2-phenylindole (DAPI)-
stained and chemically detected EdU-treated roots in individual
epidermal cell files along the RAM (from the first epidermal cell up
to the last in themeristem). At short chase times (3 h and15min) all
mitotic cells were unlabeled with EdU (only DAPI positive). At
a chase time of 3 h and 30min, we observed the first EdU-labeled
mitotic figures and they appeared largely located in the most
rootward positions (Figure 3B). EdU-labeled mitotic figures in the
more shootward locations were detected at later chase times (4 h
and 15min), consistent with the idea that the G2 is longer in these
cells. Quantification of the rate of increase of EdU-labeled mitotic
figures allowed us to estimate that cells in their last cell cycle
undergo a G2 phase that is 40 to 45 min longer than the G2 of the
first stem cell derivatives (Figure 3C).

We next explored whether the observed dynamic pattern in
the RAM is due to differences in histone H3 availability. To test
this, we used a quadruple htr1,2,3,9mutant that expressesH3.1

from its only wild-type HTR13 gene (Jacob et al., 2014). We
performed an EdU pulse-chase experiment under the same
conditions used for wild-type plants. Based on the results
shown in Figure 3B, we chose to analyze in detail the time points
when the amount of EdU-labeled nuclei starts to increase in the
shootward part of the RAM. Importantly, we found that the
mutant exhibited a pattern undistinguishable from that of wild-
type control seedlings (Figure 3D). This suggests that the in-
corporation/eviction dynamics observed in the RAMmay occur
largely independently of H3 availability, although this point has
not been experimentally addressed. Furthermore, the extended
G2 phase during the last cell cyclemight be amajor determinant
of H3.1 eviction.
Quite interestingly, there are precedents for cell cycle time

differences in the amplification stage of cell populations in other
systems. For example, the last cell cycle during synchronized
divisions of the Drosophila melanogaster embryo can be dis-
tinguished from theprevious ones by several features, including
increased cell cycle duration (with an extended G2) (Yuan et al.,
2014; Blythe and Wieschaus, 2015; Zaballos et al., 2015). We
believe that an analogous scenariomay apply to theRAMduring
the last cell cycle just before cell proliferation arrest and

Figure 3. Estimation of the G2 Phase Length along the Root Meristem.

(A)Epidermal cell layer of a root labeledwith EdU (15min) and analyzed after a 4 h and 15min chase. EdUwasdetected (red) and all nuclei stainedwithDAPI
(blue). The inset contains an enlarged image of the box in the left panel to highlight the presence of EdU-positive (yellow arrowheads) and -negative (white
arrowheads) metaphase nuclei.
(B)DistributionofEdU-labeled (red) andunlabeled (blue)mitotic figures along individual epidermal cell files at different chase timesafter a 15-minEdUpulse.
The relative positionwithin theRAMwasdetermined as in Figure 2. Statistical analysis of the distributionswas performedwith theWilcoxon-Mann-Whitney
test, as indicated: **P < 0.01 and ***P < 0.005.
(C)Kineticsof appearanceofEdU-labeledmitoticfigures in two regionsof theRAMatdifferentchase timesafter a15-minpulsewithEdU:betweenpositions
20.2 and 20.6 (cells undergoing their last cell cycle; circles) and between positions 20.6 and 21.0 (cells in previous cell cycles; squares).
(D)Distribution of EdU-labeled (red) and unlabeled (blue)mitotic figures in thewild type (filled circles) and htr1,2,3,9 quadruplemutant (circles). The analysis
was performed as in (B). The EdU-labeled cell distributions (Col-0 versus htr1,2,3,9mutant) were not significantly different based on the Wilcoxon-Mann-
Whitney test (P < 0.05).
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initiation of differentiation, associated with changes in the gene
expression program. The H3.1/H3.3 dynamics that we have
observed likely reflect intrinsic aspects of proliferation dy-
namics within the RAM that were not noticed previously. In-
terestingly, histone H2B has been reported to decrease in
mobility in differentiated cells in the Arabidopsis root (Rosa
et al., 2014). Even though this and the H3 replacement studied
here are likely unrelated phenomena, they highlight the

relevance of histone dynamics at different levels in proliferating
and differentiating cells.

A Massive Eviction of H3.1 Also Defines the End of the
Endocycle Program

Histone H3.1 is the isoform incorporated during the S-phase by
the CAF-1 chaperone (Gurard-Levin et al., 2014), and the

Figure 4. H3 Dynamics during the Developmentally Controlled Endocycle.

(A)Composite imageofa rootexpressingH3.1(HTR3)-GFPandH3.3(HTR5)-mRFP tovisualize the labelingpatternalong the rootdevelopmental zones.Cell
membranes stained with FM4-64 appear in magenta.
(B) Detail of the epidermal layer at the meristem/elongation boundary. Inset: nuclei followed in the live-imaging experiments summarized in (C).
(C) Time-lapse confocal microscopy series at the indicated times of nuclei highlighted in (B) to show the onset of the first endocycle as revealed by
H3.1(HTR3)-GFP incorporation. See full experiment in Supplemental Movie 1.
(D) Analysis of ploidy level of wild-type (GFP–), H3.3(HTR5)-GFP, and H3.1(HTR13)-GFP nuclei of the 5-mm apical part of the root by two-channel flow
cytometry. DAPI was used for nuclear staining and determination of DNA content (2C to 16C). Wild-type Col-0 and H3.3(HTR5)-GFP nuclei were used to
define the GFP– (left panel) and GFP+ (middle panel) gates.
(E)FractionofH3.1(HTR13)-GFP-positivenuclei in the5-mmapical (darkgreen)anddifferentiated (lightgreen)partsof theroot.Dataaremeanvalues6SD (n=3).
(F) The H3.1/H3.3 balance along the root developmental zones. The relative fluorescence intensity of H3.1(HTR3)-GFP and H3.3(HTR5)-RFP of each
nucleus in an entire cell file was plotted against its position in the RAM (mm). The cell file is reconstructed at the bottom, indicating themeristem (m) and the
elongation and differentiation zones. The relative amount of H3.3 intensity was used to estimate the ploidy level (y axis). A representative example of an
epidermal cell file expressing H3.1(HTR3)-GFP and H3.3(HTR5)-RFP in wild-type Col-0 is shown.
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H3.1-GFP signal was undetectable in G2 nuclei near the end of
RAM boundary (Figure 4A). First, we confirmed using live imaging
thatH3.1-GFPwas incorporated uponentering theS-phaseof the
first endoreplication round (Figures 3B and 3C; Supplemental
Movie 1). We found that nuclei leaving the endoreplication zone
and entering the differentiated part of the root showed a drastic
reduction in H3.1-GFP labeling (Figure 4A). This pattern is remi-
niscent of that at the exit of the proliferative domain of the RAM,
suggesting that a massive H3.1 exchange was also concomitant
with the entry into full differentiation. To study this in detail, we
used flow cytometry of nuclei isolated from the apical;5mm.We
found that nuclei in all ploidy levels were labeled with H3.3-GFP,
with an increase proportional to the DNA content (Figure 4D). By
contrast, the distribution ranges of H3.1-GFP-labeled cells were
very wide, with all ploidy levels displaying different amounts of
GFP (Figure 4D). Remarkably, a similar pattern was observed
in nuclei isolated from the differentiated part of the root
(Supplemental Figure 4A), indicating that events occurring early in
the elongation zone are maintained in the mature root. Strikingly,
the fraction of H3.1-GFP-positive nuclei decreased in differenti-
ated tissue, which was more evident in the highest ploidy levels.
Thismay indicate that cells negativeorwithasmall amountofH3.1
could have reached the last endocycle round (Figure 4E). To
confirm these results, we repeated the study with other H3.1 and
H3.3genes andobtainedsimilar results (Supplemental Figure 4B).

To further validate these observations, we measured the
amount of H3.1-GFP and H3.3-mRFP in each nucleus combined
with its position along individual cell files. Importantly, while the
amount of H3.3 relates to the ploidy level, we observed that H3.1
incorporation paralleled that of H3.3 in each endocycle round,
ruling out the possibility that the H3.1 decrease results from
aprogressive lackof incorporation (Figure4F). Thedecrease in the
GFP signal at the onset of full differentiation confirms that
H3.1-GFP is efficiently evicted from chromatin, most likely by
replacement with H3.3. Together, these data reveal the extensive
chromatin reorganization that relies on a large H3.1/H3.3 ex-
change at the endof the endoreplication programand the onset of
terminal differentiation.

To answer whether the developmental domains defined by the
cell division potential and the H3.1/H3.3 ratio are affected when
H3.1 incorporation is impaired, we used fas1 plants, carrying
a mutation in the large subunit of the DNA replication-dependent
H3.1 chaperone CAF-1 (Exner et al., 2006; Ramirez-Parra and
Gutierrez, 2007b). Among other phenotypic features, fas1 cells
exhibit a strong G2 cell cycle arrest and a premature onset of the
endocycle program that leads to a systemic increase in nuclear
ploidy (Ramirez-Parra andGutierrez, 2007a) and reduced root and
shoot apicalmeristems (Kaya et al., 2001). Still, somecells escape
the G2 arrest and undergomitosis, although with various degrees
of chromosomal aberrations, allowing growth of viable plants.
There was an overall decrease in H3.1 incorporation (Figures 5A
and 5B) and an abnormal increase of H3.3 in chromocenters
(Figures5Cand5D). Inspiteof theprotractedRAMof fas1-4plants
as a consequence of a highly reduced cell division potential, the
longitudinal zonation pattern was maintained. Thus, cells un-
dergoing their last cell cycle and cells at the end of the endocycle
program were also characterized by a change in the H3.1/H3.3
ratio (Figure 5E). This result in the fas1 mutant, together with the

datausing thehtr1,2,3,9histonemutant, reveals the robustnessof
the root developmental domains identified herein based on the
H3.1/H3.3 ratio since the cell population and H3 dynamics are
maintained even when H3.1 and its chaperone are altered. Fur-
thermore, given the reduced proliferation and increased differ-
entiation phenotype of fas1mutant cells, our results reinforce the
idea of a correlation between high levels of H3.3 (or reduced levels
of H3.1) concomitant with cell differentiation.

H3.1 Replacement at Proliferation to Differentiation
Transitions throughout the Plant Body

The results described so far show that a high H3.1/H3.3 ratio is
indicative of proliferative potential of cells in a developing organ,
while a fast reduction in the H3.1/H3.3 ratio identifies cells un-
dergoing their last cell cycle. Our results in the root also reveal that
the massive H3.1 replacement is a characteristic associated with

Figure 5. H3 Dynamics in Wild-Type and fas1-4 Mutant Roots.

(A) to (D) Images of the root epidermal cell layer of H3.1(HTR3)-GFP ([A]
and [B]) andH3.3(HTR4)-GFP ([C] and [D]) expressed inwild-type ([A] and
[C]) and fas1-4 mutant background ([B] and [D]). Insets show a magnifi-
cation of nuclear labeling patterns. Note the decrease of the HTR3-GFP
signal (B) and the enrichment ofH3.3(HTR4)-GFP in the chromocenters (D)
in fas1-4 plants.
(E) The H3.1/H3.3 balance along the root developmental zones in fas1-4
mutant plants. Measurements were carried as described for Figure 4F.
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exit to differentiation after endoreplication. We examinedwhether
this is also the case in two extreme situations outside the root: the
stomatal lineage, cells that differentiate in the absence of ploidy
increase, and hypocotyl cells that undergo extra endoreplication
cycles in response to darkness.

Meristemoid mother cells divide asymmetrically to generate
meristemoids, which in turn undergo a few rounds of asymmetric
divisions to produce guard mother cells. These commit to gen-
erate amature guard cell that will divide to produce the two young
stomatal guard cells that later differentiate into the mature guard
cell (Dow andBergmann, 2014; Adrian et al., 2015). We found that
meristemoids, which still maintain a limited proliferation potential,
exhibit a high H3.1 content until the last division of the guard
mother cell in the lineage that gives rise to the two young guard
cells (Figure 6A). Then, a drastic reduction in the H3.1 content is
observed and their nuclei appear labeled with H3.3-mRFP, with
undetectable or very low amounts of H3.1-GFP (Figure 6A).

To establish whether the H3.1 eviction observed at the exit
of the endoreplication program in root cells can be modulated
depending on thenumber of endocycles,wechose thehypocotyl,
an organ that is exclusively made by cell expansion associated
with endoreplication. During skotomorphogenic development,
the length of epidermal hypocotyl cells can expand ;100 times
(Gendreau et al., 1997) after undergoing one extra endoreplication

round. We analyzed the H3.1-GFP content in the different ploidy
levels by flow cytometry, isolating nuclei from the aerial part of
etiolated seedlings grown in the dark at various time points. We
observed that the number of cells positive for H3.1-GFP protein
was higher at the beginning of hypocotyl development (3 to 4 d
after sowing) than in nuclei isolated 7 d after sowing (Figure 6B).
The first 32C cells appear 5 d after sowing. Interestingly, at this
time when the H3.1 content (HTR3) is already low or undetectable
in all other ploidy levels, most 32C cells are positive for H3.1, and,
later in development, the number of H3.1-GFP positive cells also
decreases in the 32C nuclei. These results indicate that massive
H3.1 replacement coincides with the last endocycle round but is
independent of the number of endocycles occurring during the
differentiation process.
One related question is whether H3.1 is linked to active cycling

cellsbybeingdepositedagainwhendifferentiatedand/or arrested
cells reenter the cell cycle. To answer this question, we analyzed
H3 dynamics during reentry into the cell cycle in a physiological
condition, as occurs during initiation of lateral root development.
We found that at very early stages of lateral root primordia a few
nuclei are labeled with H3.1-GFP, revealing that lateral root pri-
mordia founder cells have reentered S-phase (Supplemental
Figure 5).

Conclusion

Our studies of the H3.1/H3.3 dynamics within the root served to
identify distinct cell populations, in particular, cells undergoing
their last cell cycle within the transient amplifying compartment,
which is the proliferation half of the RAM. Likewise, changes in the
H3.1/H3.3 ratio allow the identification of cells undergoing their
last endocycle before initiating full differentiation. A similar H3.1
replacement process occurs in other cell types (stomatal and
hypocotyl cells) with very different differentiation programs. We

Figure 6. H3Dynamics during Stomatal and Hypocotyl Cell Differentiation.

(A) Confocal image of the cotyledon epidermis of plants expressing both
H3.1-GFP and H3.3-mRFP. Cell membranes were stained with FM4-64
(purple). Chloroplasts are visible due to autofluorescence (green or blue).
Arrowheadspoint to thenuclei of the twomatureguard cells that are largely
devoidofH3.1-GFP.Arrowspoint tonuclei of undifferentiatedcells that still
contain both H3.1-GFP and H3.3-mRFP.
(B) Time-course flow cytometrymeasurements of the fraction ofH3-1-GFP-
positive nuclei in eachploidy level duringhypocotyl development in thedark.

Figure 7. Cell Proliferation Dynamics in the RAM.

Schematic representation of the root cell populations according to their
anatomical positions. The H3.1/H3.3 ratio is indicated with arrows (green,
highH3.1;magenta, lowH3.1).Other characteristics, suchas theG2 length
and the mitotic and endocycling potential, are also indicated.
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conclude that the H3.1/H3.3 dynamics reported herein are
a feature of cells undergoing their last cell cycle or endocycle in
their differentiation program (Figure 7). It is remarkable that the
sameprinciple applies to theendof cell proliferation and theendof
the endocycle program,which are very different processes (Edgar
et al., 2014). Interestingly, distinct degrees of chromatin dynamics
have been reported during reprogramming at very early stages of
mouse development (Bo�sković et al., 2014; Burton and Torres-
Padilla, 2014) and along the root (Rosa et al., 2014).

In addition to revealing that the fast H3.1 eviction is a feature
of differentiating cells, most likely in all plant locations, the
approachesused inour studyshowtheir usefulness to identifyfive
functionally relevant domains associated with Arabidopsis root
development (Figure 7): (1) the transit amplifying compartment
with cells proliferating at a high rate, (2) the domain occupied by
cells undergoing their last cell cycle, (3) the meristem domain
where thecellsarrest cell division, (4) cells inactiveendocycle, and
(5) the cells undergoing their last endocycle before initiating full
differentiation. Strikingly, the functional proliferation domains
uncovered by H3 dynamics are not altered in fas1 and htr1,2,3,9
mutants, indicating that the longitudinal zonation patterning is not
disturbed by the H3 unbalance. Therefore, the H3.1/H3.3 ratio
reveals specific domains in the root and chromatin reorganization
events, but it is not the causal agent, pointing to a higher order
regulation of the H3 and related genes. Further experiments using
these tools should facilitate functional studies of distinct cell
populationswithin adeveloping organ to expand this concept and
confirm if it is a general mechanism of cell proliferation and de-
velopmental dynamics in all organisms under normal and path-
ological conditions.

METHODS

Plant Materials and Constructs

Agenomic fragmentcontaining thepromoterandcoding region,except the
termination codon, of different histone H3.1 (HTR3 and HTR13) and H3.3
(HTR4 and HTR5) genes was amplified by PCR using Pfx (Life Technol-
ogies). Primers used are listed in Supplemental Table 2. The PCRproducts
werecloned intopDONR221 (LifeTechnologies).Cloneswithoutmutations
were transferred to the corresponding Gateway destination vectors
(pGWB4 and pGWB453; Nakagawa et al., 2007). Expression clones were
generated with the C-terminal region of the different histones fused to
fluorescent tags (GFP or mRFP). The constructs were confirmed by se-
quencing and introduced into Agrobacterium tumefaciens (C58C1 strain).
Arabidopsis thalianaplants (Col-0 ecotype) were stably transformed by the
floral dip method (Clough and Bent, 1998), and transformed seeds were
selected on Murashige and Skoog agar plates containing kanamycin
(50 mg/mL). Plants with only one insertion were selected and homozygous
lines were used in the experiments. pHTR3:HTR3-GFP 3 pHTR5:HTR5-
mRFP was used to follow H3 dynamics along the root. fas1-4 mutants
(Exner et al., 2006) were crossed to the histone-GFP tagged lines and fas1-
42/2 3 pHTR3:HTR3-GFP+/+, fas1-42/2 3 pHTR4:HTR4-GFP+/2, and
fas1-42/2 3 pHTR3:HTR3-GFP+/2 pHTR5:HTR5-mRFP+/2 were used in
this study. Heterozygous lines for the tagged histones were used when
a seedling-lethal phenotype was observed in the crosses.

Plants were grown in an incubator at 22°C (or 20°C) and 60% humidity
under standard long-day conditions (16-h light/8-h darkness; cool white
fluorescent bulbs, 37W, 4200K, at 100 to 110 mmol/m2/s) in MSS 1%agar
plates (1% sucrose, 0.53 MS, and 0.5 g/L MES, pH 5.7).

RNA Extraction, cDNA Synthesis, and qPCR

Roots from seedlings grown for 7 d after sowingwere used to extract RNA.
Tissue was ground in Silamat S5 (Ivoclar Vivadent) using glass beads, and
RNAwas extractedwith Trizol (Life Technologies). To obtain cDNA, 500 ng
total RNA was used. The reverse transcriptase reaction was performed
using oligo(dT) as a primer and the SuperScript III kit from Life Technol-
ogies, following kit instructions. qPCR was performed with GoTaqPCR
master mix (Promega) in an ABI Prism 7900HT (see Supplemental Table 2
for the primers used). To measure the expression of the different histones,
the absolute copy number of each cDNA was calculated with the help of
standards where the copy number is known. For this purpose, amplicons
for the different primers were amplified by PCR and purified directly from
a low-melting agarose gel. The concentration of each amplicon was
measured using NanoDrop, and the number of copies of double-stranded
DNA was calculated using the algorithm described in http://cels.uri.edu/
gsc/cndna.html. Several dilutions of these standards were run in the ABI
Prism, and the crossing points of each dilution and the number of copies
were plotted in standard curves where the unknown samples were in-
terpolated to obtain the absolute copy number.

Immunoblot Analysis

Nuclear extracts were prepared from 6-d-old seedlings as described
previously (Stroud et al., 2012). Proteins were fractionated in 13.5% SDS-
PAGEgelsandproteins identifiedby immunoblotsusinganti-GFP (Abcam;
catalog no. 5450, lot GR136040).

Confocal Microscopy

Roots were stained with either propidium iodide (50 mg/mL) or 10 mMFM4-
64 (Life Technologies) and observed using a confocal LSM510 (Zeiss)
microscope. Embryos were extracted from the siliques and transferred
to a slide with a 25-mL drop of embryo extraction buffer (4% para-
formaldehyde and 5% glycerol in PBS) and dissected using two syringes.
Then, 25 mL of 10 mMFM4-64 was added and the embryos were infiltrated
for a few seconds to allow staining. Embryoswere then observed using the
LSM710 confocal microscope (Zeiss).

For live imaging, 3-d-old seedlings were placed on glass bottomdishes
with a drop of water and covered with a piece of solid medium. Once in the
inverted LSM510 confocal microscope (Zeiss), 100 mL of 10mM FM4-64
was injected under the solid medium. Movies were edited using Fiji, and
photobleaching was corrected with the same software.

Analysis of Confocal Images: Positioning of Mitotic Figures in the
Root Meristem

Epidermal cell files containing at least one mitotic figure were selected for
analysis. Cell length of each cell in the file was measured. Meristem
boundaries were considered the first cell in focus in the epidermis plane,
near the root tip (21 on the y axis) and the first rapidly elongated cell (0 on
the yaxis). In this analysis, thecellmarking theendof themeristemwill beat
position21, thenextcell toward the root tip atposition22, andsoon.Once
the end of the meristem was localized and the position of cells in mitosis
was identified, the relative position was calculated according to: relative
position = position in the file of cell i/cell number in the file.

EdU Labeling

Col-0 seedlings (4 d after sowing) were transferred to 0.53 liquid MSS
containing 20 mM EdU for 15 min, washed, and incubated for different
chase time periods in 0.53 MSS supplemented with 50 mM TTP. Plants
were then fixed in 4% paraformaldehyde in microtubule stabilizing buffer
and permeabilized as described (Lauber et al., 1997). EdU was developed
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with theClick-itEdUstainingkit (C10340;LifeTechnologies), nuclei stained
withDAPI, and roots imagedbyconfocalmicroscopywithaZeissLSM710.

Flow Cytometry of Roots and Hypocotyls

Seeds from all the GFP-tagged histone lines and wild-type Columbia (Col-0)
were grown for 5 d under the usual conditions. As most cells in the root are
differentiated, root tips (;5mm)werecut toenrich thesample inapical tissues
and avoid themasking of possible differences between cell populations. This
resulted in twosamplesper line, theapical tissuesample (enriched in root tips),
and the differentiated tissue sample (depleted of root tips).

Tissues were chopped in 250 mL cold nuclei isolation buffer (45 mM
MgCl2, 30 mM sodium citrate, 20 mM 4-MOPS, pH 7.0, and 0.1% Triton
X-100;Galbraith et al., 1991). Nuclei were then stainedwith DAPI (2 mg/mL)
and kept on ice until the sampleswere run in theflowcytometer (FACSCanto
II; Becton Dickinson). In each experiment, 10,000 events were measured,
and each experiment was repeated three times. All analyses were per-
formed with FlowJo software (LLC Data Analysis Software).

For hypocotyl cell ploidy measurements, seeds were sown, placed in
the growth chamber in the dark, and analyzed at various times afterwards
(3 to 10 d). The aerial part of the seedlings was chopped and nuclei were
stained using the same conditions described for roots.

Accession Numbers

Sequence data from this article can be found in The Arabidopsis In-
formation Resource database under the following accession numbers:
HTR3, At3g27360; HTR4, At4g40030; HTR5, At4g40040; and HTR13,
At5g10390.
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Supplemental Figure 1. Characterization of fluorescently labeled H3
protein-expressing plants.

Supplemental Figure 2. Expression pattern of various fluorescently
labeled H3 lines used in this study.

Supplemental Figure 3. Relative position of mitotic figures in
trichoblast and atrichoblast cell layers.

Supplemental Figure 4. Analysis of ploidy levels of H3-tagged nuclei.

Supplemental Figure 5. H3.1-GFP labeling during initiation of lateral
roots.

Supplemental Table 1. Chromatin and cell cycle genes downregu-
lated from slice 1 + 2 to slice 4 (fold change > 1.5) of the Arabidopsis
root.

Supplemental Table 2. Primers used in this study.

Supplemental Movie 1. Time-lapse microscopy (60 min) of a root of
Arabidopsis expressing H3.1-GFP and H3.3-mRFP visualizing H3.1
eviction in G2 and H3.1 incorporation during S-phase, as well as
mitotic figures labeled with H3.3 alone.
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Readshaw, A., Foo, S.H., Lahouze, B., Sprunck, S., and Berger, F.
(2010). Zygotic resetting of the HISTONE 3 variant repertoire partic-
ipates in epigenetic reprogramming in Arabidopsis. Curr. Biol. 20:
2137–2143.

Ivanov, V.B., and Dubrovsky, J.G. (2013). Longitudinal zonation
pattern in plant roots: conflicts and solutions. Trends Plant Sci. 18:
237–243.

Jacob, Y., Bergamin, E., Donoghue, M.T., Mongeon, V., LeBlanc, C.,
Voigt, P., Underwood, C.J., Brunzellem, J,S., Michaelsm, S.D.,
Reinberg, D., Couture, J.F., and Martienssen, R.A. (2014). Selec-
tive methylation of histone H3 variant H3.1 regulates heterochromatin
replication. Science 343: 1249–1253.

Kaya, H., Shibahara, K.I., Taoka, K.I., Iwabuchi, M., Stillman, B.,
and Araki, T. (2001). FASCIATA genes for chromatin assembly
factor-1 in arabidopsis maintain the cellular organization of apical
meristems. Cell 104: 131–142.

Kouzarides, T. (2007). Chromatin modifications and their function.
Cell 128: 693–705.

Kundaje, A., et al.; Roadmap Epigenomics Consortium (2015) In-
tegrative analysis of 111 reference human epigenomes. Nature 518:
317–330.

Lauber, M.H., Waizenegger, I., Steinmann, T., Schwarz, H., Mayer,
U., Hwang, I., Lukowitz, W., and Jürgens, G. (1997). The Arabi-
dopsis KNOLLE protein is a cytokinesis-specific syntaxin. J. Cell
Biol. 139: 1485–1493.

Loyola, A., and Almouzni, G. (2007). Marking histone H3 variants:
how, when and why? Trends Biochem. Sci. 32: 425–433.

Maze, I., Noh, K.M., Soshnev, A.A., and Allis, C.D. (2014). Every
amino acid matters: essential contributions of histone variants to
mammalian development and disease. Nat. Rev. Genet. 15: 259–
271.

Nakagawa, T., et al. (2007). Improved Gateway binary vectors: high-
performance vectors for creation of fusion constructs in transgenic
analysis of plants. Biosci. Biotechnol. Biochem. 71: 2095–2100.

Otero, S., Desvoyes, B., and Gutierrez, C. (2014). Histone H3 dy-
namics in plant cell cycle and development. Cytogenet. Genome
Res. 143: 114–124.

Petricka, J.J., Winter, C.M., and Benfey, P.N. (2012). Control of
Arabidopsis root development. Annu. Rev. Plant Biol. 63: 563–590.

Pfluger, J., and Wagner, D. (2007). Histone modifications and dy-
namic regulation of genome accessibility in plants. Curr. Opin. Plant
Biol. 10: 645–652.

Ramirez-Parra, E., and Gutierrez, C. (2007a). The many faces of
chromatin assembly factor 1. Trends Plant Sci. 12: 570–576.

Ramirez-Parra, E., and Gutierrez, C. (2007b). E2F regulates FAS-
CIATA1, a chromatin assembly gene whose loss switches on the
endocycle and activates gene expression by changing the epige-
netic status. Plant Physiol. 144: 105–120.

Rosa, S., Ntoukakis, V., Ohmido, N., Pendle, A., Abranches, R., and
Shaw, P. (2014). Cell differentiation and development in Arabi-
dopsis are associated with changes in histone dynamics at the
single-cell level. Plant Cell 26: 4821–4833.

Scheres, B. (2007). Stem-cell niches: nursery rhymes across king-
doms. Nat. Rev. Mol. Cell Biol. 8: 345–354.

Scheres, B., Benfey, P., and Dolan, L. (2002). Root development.
Arabidopsis Book 1: e0101.

Sequeira-Mendes, J., Aragüez, I., Peiró, R., Mendez-Giraldez, R.,
Zhang, X., Jacobsen, S.E., Bastolla, U., and Gutierrez, C. (2014).
The functional topography of the Arabidopsis genome is organized
in a reduced number of linear motifs of chromatin states. Plant Cell
26: 2351–2366.

Shi, L., Wang, J., Hong, F., Spector, D.L., and Fang, Y. (2011). Four
amino acids guide the assembly or disassembly of Arabidopsis
histone H3.3-containing nucleosomes. Proc. Natl. Acad. Sci. USA
108: 10574–10578.

Stroud, H., Otero, S., Desvoyes, B., Ramírez-Parra, E., Jacobsen,
S.E., and Gutierrez, C. (2012). Genome-wide analysis of histone
H3.1 and H3.3 variants in Arabidopsis thaliana. Proc. Natl. Acad.
Sci. USA 109: 5370–5375.

Wollmann, H., Holec, S., Alden, K., Clarke, N.D., Jacques, P.E., and
Berger, F. (2012). Dynamic deposition of histone variant H3.3 ac-
companies developmental remodeling of the Arabidopsis tran-
scriptome. PLoS Genet. 8: e1002658.

Yuan, K., Shermoen, A.W., and O’Farrell, P.H. (2014). Illuminating
DNA replication during Drosophila development using TALE-lights.
Curr. Biol. 24: R144–R145.

Zaballos, M.A., Cantero, W., and Azpiazu, N. (2015). The TALE
transcription factor homothorax functions to assemble hetero-
chromatin during Drosophila embryogenesis. PLoS One 10:
e0120662.

Histone H3 and Cell Proliferation 1371


