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Abstract:

Gene silencing by Polycomb complexes is central to eukaryotic development. Cold-induced
epigenetic repression of FLOWERING LOCUS C (FLC) in the plant Arabidopsis provides an
opportunity to study initiation and maintenance of Polycomb silencing. Here, we show that a
subset of Polycomb Repressive Complex 2 factors nucleate silencing in a small region within
FLC, locally increasing H3K27me3 levels. This nucleation confers a silenced state that is
metastably inherited, with memory held in the local chromatin. Metastable memory is then
converted to stable epigenetic silencing through separate Polycomb factors, which spread across
the locus after cold to enlarge the domain containing H3K27me3. Polycomb silencing at FLC
thus has mechanistically distinct phases, which involve specialization of distinct Polycomb

components to deliver first metastable, then long-term epigenetic silencing.

One Sentence Summary: Specialisation of Polycomb complexes generates metastable, then long-

term memory, at an environmentally-regulated epigenetic target gene.

Main Text:

Chromatin-based epigenetic memory is all-or-nothing, with chromatin modifications propagating
bistable states of gene expression (1-4). One example is silencing of the floral repressor gene FLC in
response to prolonged cold (5), a process known as vernalization. This involves individual FLC loci
switching from an active to a stably repressed state in response to cold. This switching requires the
conserved Polycomb Repressive Complex 2 (PRC2) and occurs in two steps: first, nucleation of

H3K27me3 in a Polycomb Response Element (PRE)-like region of 2-3 nucleosomes close to the FLC
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transcription start site during cold exposure, and second, spreading of H3K27me3 over the entire 7 kb
FLC locus when plants are returned to the warm. Full coverage with H3K27me3 is associated with
long-term epigenetic silencing and DNA methylation is not involved (6). Molecular and genetic
studies have identified much of the machinery required for FLC epigenetic silencing, but how
different factors interact dynamically in relation to the key events of nucleation and spreading has yet

to be determined.

The key molecular players involved in FLC epigenetic silencing are the PRC2 subunit
VERNALIZATION 2 (VRN2, a SU(Z)12 homolog), the plant-homeodomain proteins
VERNALIZATION INSENSITIVE 3 (VIN3) and VERNALIZATION 5 (VRN5), the H3K27me3
methyltransferases CURLY LEAF (CLF) and SWINGER (SWN) and the H3K27me3-binding protein
LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) (7-12). To dissect the requirement for these
proteins during various stages of FLC silencing, we measured FLC expression in wild-type (Col-FRI)
and vin3, vrn2, vrn5, lhpl, and clf mutants (in a FRI background). vin3, vrn2 and vrn5 mutants all
showed impaired FLC shut-down during cold exposure and reactivation after cold (Fig. 1A and Fig.
S1) (8-10). In contrast, FLC repression in lhpl and clf mutants was unaffected at the end of cold
exposure but was unstable: repression was lost over 20 days after transfer to warm conditions (Fig. 1A
and Fig. S1). VIN3 is upregulated during cold exposure (9), however its expression profile was
unchanged from wild-type in the other mutant backgrounds (Fig. S2A), indicating that altered VIN3
expression does not underlie the failure to stably silence FLC. The remaining factors VRN2, VRN5,
SWN, CLF, LHP1 are not dynamically regulated during vernalization (Fig. S2B-D) (10).

Next, we measured H3K27me3 and H3K36me3 levels by chromatin immunoprecipitation (ChlP)
across the FLC locus in vin3, vrn2, Ihpl and clf mutants. Wild-type plants show accumulation of
H3K27me3 and loss of H3K36me3 at the nucleation region during the cold (Fig. 1B,C and Fig. S3)
(13,14). H3K27me3 nucleation was disrupted in vin3 and vrn2 mutants. Ihpl and clf mutants, on the
other hand, showed efficient nucleation — disagreeing with a reported role for LHP1 in nucleation
(15). Strikingly, Ihpl and clf mutants failed to spread H3K27me3 at high levels across the FLC locus,
effectively decoupling nucleation and spreading. In these mutants, nucleation decayed slowly towards
pre-cold levels over the 20 days after cold. Concurrently, H3K36me3 levels and FLC expression
increased (Fig. 1 and Fig. S3), suggesting reversion of FLC loci from a nucleated and repressed state

to an active expression state.

We then compared FLC dynamics in double mutants clf Ihp1, clf vrn2 and clf vin3, with their
respective single mutants, which indicated that LHP1 and CLF function in the same genetic pathway
and that nucleation is upstream of spreading (Fig. 1A and Fig. S1). Thus, VIN3/VRN2/VRN5-
dependent H3K27me3-nucleation is required for FLC repression during the cold, and LHP1 and CLF

are required after cold to mediate spreading of H3K27me3 for long-term stable silencing. With little



67  orno spreading, H3K27me3 nucleation and silencing at FLC are maintained over approximately 20
68  days in Ihpl and clf. Since plants are undergoing DNA replication, this suggests that the nucleated

69  state alone can maintain a metastable epigenetic memory of silencing at FLC.

70  Mathematical models based on local inheritance of modified histones and cis-acting positive

71  feedbacks had predicted that only the spread but not the nucleated state would be stable through DNA
72 replication (2, 16). We investigated the role of DNA replication by using the DNA synthesis inhibitor
73  roscovitine (17). In Arabidopsis, root meristem cells in our warm conditions replicate their DNA

74  approximately once per day (18). Roscovitine blocked cell division (Fig. S4A), but this had no effect
75  on FLC expression either before or after cold exposure in wild-type plants (Fig. S4B,C). In contrast,
76  FLC reactivation normally seen in clf and Ihp1l mutants was reduced (Fig. 2A and Fig. S4C) and

77  H3K27me3 nucleation was stable (Fig. 2B). Inhibition of DNA synthesis impaired spreading of

78  H3K27me3 in wild-type plants, even after 14 days of growth in the warm (Fig. 2B). These results

79  suggest that DNA replication/cell division is the major challenge to the stability of the nucleation peak

80 and that DNA replication/cell division is required for the H3K27me3 spreading.

81  Toinvestigate this metastability at the single-cell level, we crossed the fluorescent FLC-VENUS

82  reporter (1) to vin3, vrn2, and Ihpl. We then combined confocal microscopy and quantitative image
83  analysis (Fig. S5) to determine FLC-VENUS levels in root meristems. Before cold exposure, FLC-
84  VENUS is observed in all cells (Fig. S6A). After cold exposure and subsequent growth in the warm
85  for 7 days, wild-type plants showed long files of cells in either the ON or OFF expression states (Fig.
86  3A). These files demonstrate epigenetic maintenance of ON or OFF expression states as they are cell
87 lineages generated through anticlinal cell divisions from progenitors that experienced cold exposure
88  (1). In the nucleation mutants vin3 and vrn2, FLC-VENUS remained ON in all cells. In the spreading
89  mutant Ihpl, FLC-VENUS showed the wild-type ON/OFF distribution (Fig. 3A,B, and Fig. S6B,C).
90  Thus, nucleation is itself an all-or-nothing process (14), and FLC repression is maintained through
91  cell division in the Ihpl mutant for at least 7 days after cold. To further test the stability of the

92  silenced state in Ihpl, we exposed plants to an extended 10-week cold treatment. After 14 days of

93  subsequent growth in warm conditions, we observed the reappearance of a population of active cells
94  that did not occur in wild-type plants (Fig. 3C,D and Fig. S7). These FLC-ON cells often occurred as
95 isolated cells or as short files that likely represent clonal propagation of cells that stochastically

96 reactivate FLC expression. These data agree with population-level mMRNA and ChIP measurements,
97  suggesting that the time-scales of reactivation observed at the population level in Inp1l mutants

98  represent reactivation of FLC-expression at the single-cell level. These findings further support the
99  conclusion that LHP1 is not required for nucleation or for the propagation of metastable epigenetic

100  memory.



101
102
103
104
105
106
107
108
109

110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

128
129
130
131
132
133
134
135

To explore whether this metastable epigenetic memory is stored in the local chromatin environment of
FLC (1), we generated lhpl plants carrying a single copy of FLC-Venus and FLC-mCherry. Before
cold FLC-Venus and FLC-mCherry were expressed in all root cells (Fig. S8A,B), whereas after cold
all four possible combinations of FLC-Venus/FLC-mCherry levels were found: ON/ON, ON/OFF,
OFF/ON, OFF/OFF (Fig. 3E and Figs. S8, S9). In both the wild-type and Ihpl backgrounds, all
expression states occurred in files, indicating that the epigenetic state of the two FLC copies in the
same cell can be independently inherited. These data demonstrate that the metastable epigenetic
memory of FLC silencing is stored in cis at the FLC locus not only in the wild-type (1) but also in the

spreading mutant, lhpl.

Our previous models of vernalization-induced epigenetic silencing at FLC have been based on
inheritance of local histone modifications to daughter strands at DNA replication, followed by locally-
acting positive feedbacks to add similar modifications to newly incorporated histones (2, 16). Such
models require large chromatin regions to ensure that the chromatin state can be faithfully inherited
despite random partitioning of nucleosomes during DNA replication. Spreading of H3K27me3 to the
gene body (30-35 nucleosomes) fulfilled this requirement (2). While this mechanism can explain
long-term epigenetic memory at FLC in wild-type, difficulties arise in accounting for the metastable
silencing of FLC through DNA replication seen in lhpl and clf mutants, where H3K27me3 does not
accumulate to high levels outside the nucleation region. Assuming that memory is only held in a
nucleation region with 3 nucleosomes, the predicted dynamics would lead to a faster loss of silencing,
with almost one quarter of diploid cells reactivating at least one FLC copy after each DNA replication
(Supplemental Material). Such rapid dynamics predict 75% reactivation within a week and are
therefore inconsistent with the observed stability of FLC silencing in lhpl mutants (Fig. S10). These
conclusions are substantially unaffected even if we allow for a low level of H3K27me3 spreading, as
found in Ihpl (Supplemental Material, Fig. S10C,D). We therefore propose that additional protein
factors present at the nucleation region may contribute directly in propagating metastable cis
epigenetic memory, potentially through self-reinforcing protein-protein interactions stabilising the
retention of factors such as VRNS5.

To address this hypothesis, we mapped the binding of VIN3, VRN5, SWN, CLF and LHP1 (using
VIN3-GFPNin3, VRN5-YFP/vrn5, SWN-YFP, 35S::GFP-CLF/clf and LHP1-eGFP/lhp1-6 (10, 19-
21) ) at high spatial resolution across the FLC locus during vernalization. We verified that the newly
generated VIN3-GFP and LHP1-eGFP constructs complemented their respective mutant phenotypes
(Figs. S11 and S12), and that VIN3-GFP showed a similar dynamic expression pattern as endogenous
VIN3 (Fig. S11). We also verified that VRN5, SWN, CLF and LHP1 tagged proteins localised to the
nuclei, and all the proteins including VIN3 could be efficiently enriched (Figs. S11C, S12F,G and
S13).
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ChIP experiments indicated that VIN3, VRN5 and SWN were absent from the FLC locus before cold
(Fig. 4 and Fig. S14). During cold VIN3 protein was targeted to the FLC nucleation region (Fig. 4).
Similar to VIN3, localisation of SWN and VRNS5 during cold was limited to the FLC nucleation
region. Together, these data indicate recruitment of VIN3/VRN5/SWN at the FLC nucleation region
during cold exposure. After cold, however, the dynamics of these three proteins differed: VIN3 was
lost within days, VRN5 was lost more slowly at the nucleation region over >10 days, but also
exhibited low level spreading over the gene body, while SWN occupancy increased when H3K27me3
spread to cover the FLC gene body. Levels of VIN3 at FLC correlated with the VIN3 mRNA
expression level and also with bulk levels of VIN3-GFP protein (Fig. 4 and Fig. S11C). VRN5, VRN2,
SWN, CLF and LHP1 were all more constitutively expressed (Fig. S2, B to E) (10). These findings
suggest that the cold-induced localization of VIN3 is essential to trigger nucleation and that dynamic
changes in the localization of the other proteins at FLC during vernalization are unlikely to be driven
by altered expression levels. The dynamics of VRN5 loss from the nucleation region after cold
parallels the loss of H3K27me3 at the nucleation region in Ihp1/clf mutants (Fig. 1B,C, Fig.4 and Fig.
S15), suggesting that VRN5 defines the metastability of the nucleation-region memory.

To elaborate the mechanism underlying long-term epigenetic memory at FLC we examined the
dynamics of CLF and LHPL1 in the different phases of vernalization. Both proteins showed similar
levels at FLC during and after cold exposure: both were associated with FLC chromatin before cold;
showed limited increases during cold; and, similar to SWN, increased in occupancy at the nucleation
region after cold (Fig. 4). LHP1 and CLF also showed more pronounced spreading to the gene body
after cold than SWN (Fig. 4), a feature which is consistent with their mutant phenotypes showing
reduced H3K27me3 domain size at FLC and genome-wide (22, 23). LHP1 and CLF physically
interact through additional PRC2 components (24), and furthermore both LHP1 and other PRC2-
subunits bind H3K27me3 (25-27), so our observed co-localisation of CLF and H3K27me3 suggests
that CLF likely deposits H3K27me3 in the FLC gene body. These reading and writing functions of
PRC2 and LHP1 for H3K27me3 may contribute to reinforcing the repressive chromatin state in the
FLC gene body, consistent with its long-term stability.

Our analysis of cold-induced epigenetic silencing at FLC clarifies the sequence of events involved in
Polycomb silencing of a genomic locus. Specialized Polycomb components function in two phases of
cis-inherited silencing that are genetically and mechanistically separate, to confer first reversible and

then long-term epigenetic memory (Fig. S16).
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241  Figure 1: Nucleation and spreading are genetically separable. (A) FLC expression measured by
242  RT-gPCR after a 6-week cold treatment. Data are represented relative to UBC, with different

243 genotypes normalized to non-vernalized FLC levels. Error bars represent s.e.m (n > 3). (B)

244  H3K27me3 ChlIP across the FLC locus before cold and after a 6-week cold treatment. Data expressed
245  relative to STM. Error bars represent s.e.m. (n > 3). Curves fitted using LOESS local regression

246 (Supplementary Materials). (C) H3K27me3 ChIP data averaged over 2 primers in the FLC nucleation
247  region and 5 primers in the gene body (Table S1). Error bars represent s.d.
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Figure 2: Nucleation is maintained but spreading is inhibited by roscovitine treatment. (A) FLC
expression after 6-weeks cold in wild-type (FRI) or a clf mutant, with or without subsequent
roscovitine treatment in warm conditions. Data are represented relative to UBC, with each genotype
normalized to its respective non-vernalized (NV) FLC level. Error bars represent s.e.m (n = 4). (B)
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untreated samples. Curves fitted using LOESS local regression (Supplementary Materials).
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Materials and Methods

Plant material and transgenic constructs

All mutants and transgenic lines were in the FRI*? background, which was described previously (28).
Mutant alleles were also as described previously, vin3 (vin3-4, (29)), vrn5 (vrn5-8, (10)), cIf (clf-81,
(30)), Ihpl (Ihpl-3, (31), Ihpl-6, SALK 011762 (32)). When not specified, Ihpl refers to Ihp1-3. Col
vrn2-1 was obtained by crossing Ler vrn2-1 (8) to FRIS? Col-0 five times, selecting for the vrn2-1
mutant allele. Double mutants were generated by crosses between homozygous mutants and were

selected by PCR-based genotyping.

Previously generated FLC-Venus / FRI*? flc-2 or FLC-mCherry / FRI*? flc-2 lines (1) were crossed
into several of these mutant backgrounds. Using TAIL-PCR (33), the insertion sites for these FLC-
Venus and FLC-mCherry transgenes were mapped to chromosome 4 (within At4g12020, and
upstream of At4g05018, respectively). This allowed PCR-based identification of plants that were
homozygous for these transgenes. Plants containing a single copy of FLC-Venus and FLC-mCherry in
either FRI®2 flc-2 or FRIS? Ihp1-3 were selected from segregating F2 populations by PCR genotyping.
Genotyping primers are listed in Table S1.

SWN-YFP (21), and 35S::GFP-CLF/clf-28 (20) were both described previously. These lines were
crossed to the FRIS? background. The VRN5-YFP construct was described previously (10) and
transformed for this study into vrn5-8. VIN3-GFP/vin3 was also described previously (19). The
LHP1-eGFP construct was generated for this study by gene synthesis (Invitrogen) and Golden Gate
cloning (34). The construct encodes LHP1 genomic DNA from -2405 bp upstream of the ATG to
1134 bp downstream of the LHP1 stop codon. eGFP is attached to the C-terminus via a Gly-Gly
linker. This construct was transferred to pSLJ75516 (35) and transformed into FRI*? Inp1-6. Lines
were selected initially by complementation of the Ihpl mutant phenotype and then by similarity of

expression level to endogenous LHP1.

Growth conditions

Seeds were surface sterilized and sown on MS-GLU (MS without glucose) media plates and kept at
4°C in the dark for 2 days. For non-vernalized (NV) conditions, seedlings were grown for 14 days in
long-day conditions (16 h light, 8 h darkness with constant 20°C). For vernalization treatment,
seedlings were pre-grown for 7 days in long-day conditions, and then moved to 5°C cold treatment in
short-day conditions (8 h light, 16 h darkness with constant 5°C) for a certain duration, such as 6
weeks (6W). For transfer experiments, after a certain duration of cold treatment, seedlings were
moved to long-day conditions on the plates (16 h light, 8 h darkness with constant 20°C) for another

specified duration, such as 10 days (T10). For the T20 transfer experiment, plants were transferred
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after cold treatment from plates to soil, and were then grown in long-day conditions (16 h light 20°C,
8 h dark 18°C).

Microscopy and image quantification

Plants were grown vertically on MS plates with 1% (w/v) sucrose and 0.5% (w/v) Phytagel (Sigma-
Aldrich, P8169). FLC-Venus imaging was performed on a Leica SP8 X confocal microscope using a
20X/0.75NA objective lens, with illumination at 514 nm (Argon ion laser). Emissions from Venus
were detected between 518 nm and 555 nm using a cooled Leica HyD SMD detector in photon-
counting mode. Cell walls were visualized by adding propidium iodide (Sigma-Aldrich P4864) to the
immersion media at a concentration of 2 pg/mL. Propidium iodide was detected simultaneously with
FLC-Venus, by collecting emissions between wavelengths 610 nm and 680 nm. A z-step size of 0.95
pm was used for all confocal sections over a total depth of 20.9 um from the upper surface (22 z-
slices per root). For the FLC-Venus FLC-mCherry double-label experiments, detection was sequential
(by z-plane) for the two fluorophores, using the 514 nm Argon ion laser for Venus and a White Light
Laser (Leica), tuned to 580 nm for mCherry. Venus was detected as described above, while mCherry

was detected between wavelengths 600 nm and 650 nm.

To generate Figs. 3 and S6-S9, z-stacks were processed in the following manner: images were first
aligned using the MultiStackReg plugin in Fiji (36). A Gaussian blur (Fiji, 0.2 um filter size) was then
applied to all FLC-Venus images before performing a sum projection over 9 z-slices (8.55 um). For
the cell wall stain, the central z-plane was extracted and overlaid on the FLC-Venus sum projection.
For Figs. 3E, S8, S9 (FLC-Venus/FLC-mCherry), similar steps were performed for both FLC-Venus
and FLC-mCherry, except a larger filter size of 0.6 um was used for the Gaussian blur to reduce

noise.

Quantitative image analysis

Root images were analysed to generate mean FLC-Venus intensities per cell using a custom image
processing pipeline written in the Python programming language (37), using the jicbioimage (38),
Bio-Formats (39) and SimplelTK (40) libraries. Full source code for the pipeline is available at

https://github.com/JIC-Image-Analysis/root-3d-segmentation.

The pipeline consisted of four stages: generating three dimensional (3D) masks of the cell volume,
segmenting the area within the mask into individual cells, filtering the resulting segmentation and then
using this segmentation to compute mean FLC-Venus intensities per cell. A 3D root mask was
generated by first applying Otsu thresholding to the propidium iodide (cell wall) channel of the image.
A binary opening filter was applied to remove small objects from the thresholded image, and then the

convex hull of the result yielded the mask. Image segmentation was separately performed on the cell
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wall channel. To preprocess the image, a median smoothing filter was applied (radius 1 voxel). The
gradient magnitude of the resultant image was calculated and a discrete Gaussian filter (radius 2
voxels) applied to the result. This image was then segmented with the morphological watershed
function provided by the SimplelTK library. SimplelTK's watershed algorithm provides an option to
dynamically filter the minima used as seeds to reduce over segmentation (41). The level for this
option was set to 0.644. The resulting segmentation was filtered by firstly removing any segmented
regions outside the mask and any touching the edges of the image. Then very small (<10000 voxels)

and large (>80000 voxels) segmented regions were removed.

The segmented cells were used to determine the mean FLC-Venus intensity by summing voxel
intensities from the FLC-Venus channel within a mask defined by the segmentation, and dividing by
the total cell volume in voxels. These per-cell mean intensities were used to generate histograms using

the R statistical computing environment (42).

RNA expression analysis and gPCR

RNA extraction was performed using the hot phenol method, as described elsewhere (13). Genomic
DNA contamination was removed by TURBO DNA-free (Invitrogen, AM1907) following the
manufacturer’s guidelines, except that chloroform extraction and ethanol precipitation were used to
purify RNA after treatment. cDNA was synthesised by the SuperScript 111 First-strand synthesis
system (Invitrogen, 18080-051), using gene-specific primers or Oligo dT (12-18). cDNA was diluted
10 times before gPCR. All primers are listed in the Table S1. A standard reference gene UBC for gene

expression was used for normalization (43).

Chromatin Immunoprecipitation (ChIP) and qPCR

Histone modification ChIP was performed as previously described (13). The antibodies used were:
anti-H3 (Abcam, ab1791), anti-H3K27me3 (Millipore, 07-449) and anti-H3K36me3 (Abcam,
ab9050). All ChIP experiments were quantified by gPCR in triplicate with the indicated primer pairs
(Table S1). For H3K27me3 analysis, SHOOT MERISTEMLESS (STM), a standard reference gene for
H3K27me3, was used as the internal control and data are represented as the ratio of (H3K27me3
FLC/H3 FLC) to (H3K27me3 STM/H3 STM). In the case of H3K36me3, ACTIN (ACT) was used as
the internal control and the data are represented as H3K36me3 FLC/H3 FLC) to (H3K36me3 ACT/H3
ACT).

To measure protein levels at FLC during vernalization, protein ChIP experiments were performed as
described previously (19). In brief, purified nuclei were resuspended by RIPA buffer (1X PBS, 1%
IGEPAL CA-630 (Sigma, 18896), 0.5% sodium deoxycholate, 0.1% SDS, Roche Complete tablets
(Roche, 04693159001)), and then fragmented to ~500 bp by sonication (Agilent Bioruptor). After
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sonication, the chromatin extract was cleared by centrifugation at 12,000 rpm for 10 minutes at 4°C.
Anti-GFP (Abcam, ab290) and Protein A Agarose/Salmon Sperm DNA (Millipore, 16-157) were used
in the ChIP pull-down. The enrichment levels of these proteins at ACT, STM and AtSN1 were used as

controls. All primers used in the ChIP-gPCR experiments are listed in Table S1.
To plot the spatial profiles of protein and histone modification levels at FLC, curves were fitted to all
data points using local polynomial regression fitting, using the loess function in the R statistical

computing environment (42).

Protein extraction, immunoprecipitation and immunoblotting

Protein extraction, immunoprecipitation and immunoblots were performed as previously described
(44), with slight modifications. In brief, two-week-old seedlings were crosslinked in 1%
formaldehyde, ground in liquid nitrogen, and then suspended in RIPA buffer. Sonication was used to
release the chromatin. After clearing by centrifugation, the protein extract was incubated with anti-
GFP antibody (Abcam, ab290) for at least 2 hours, before adding Protein A beads to extract the
antibody-protein complexes. Beads were washed three times with RIPA buffer, and proteins were
eluted by boiling beads in Laemmli buffer. Proteins were separated on either 10% or 4-15% SDS-
PAGE gel (Bio-Rad 456-1085) and transferred to a nitrocellulose membrane (GE Healthcare Life
Sciences) for immunoblotting using an anti-GFP antibody (Roche, 11 814 460 001). Proteins were
detected by the SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific).
To detect VIN3-GFP in the VIN3-GFP/vin3 transgenic line, the protein was extracted using a
modified extraction buffer (100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 2 mM EDTA, pH 8.0, 0.5%
IGEPAL CA-630, Roche cOmplete protease inhibitor). To allow quantitative comparisons between
different immunoprecipitations, it is necessary to ensure that the pulldown efficiency is constant. To
this end, protein extracted from 3 g of VIN3-GFP/vin3 seedlings under each treatment was mixed with
protein extract from 0.25 g FLC-Venus/FRI* flc-2 seedlings. 20 pl GFP-TrapM beads (Chromotek)
were added to the mixed protein extract. After 2 hours incubation at 4°C with gentle rotation, beads
were washed with extraction buffer, and proteins were eluted by boiling beads in Laemmli buffer.

Anti-tubulin (Sigma, T9026) was also used as a loading control.

Roscovitine treatment

To test the efficiency of roscovitine (Sigma, R7772) in blocking cell division and plant growth (17),
seedlings were grown vertically on GM-GLU plates for 12 days, and then transferred to fresh GM-

GLU plates containing 0, 2, 5, or 10 UM roscovitine respectively. Root tips of these seedlings were

aligned horizontally. 10 uM roscovitine efficiently blocked plant growth, and was therefore used in
subsequent RNA expression and ChIP experiments. Non-vernalized (14-day-old) seedlings or

seedlings exposed to cold for 6 weeks were transferred to liquid GM-GLU with 10 uM roscovitine in
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long-day conditions with gentle shaking. After the specified duration of roscovitine treatment,

seedlings were harvested for either expression analysis or ChIP experiments.

Stability of nucleation in histone-modification-based epigenetic memory

Current models of histone-modification-based epigenetic memory require regions of chromatin of
several kilobases in size for stable memory propagation (2, 16). This requirement is due to the
segregation of nucleosomes that occurs between daughter DNA strands during DNA replication (45),
which results in each newly synthesized chromosome inheriting, on average, only half of the parental
histone modifications (46). In a previous model of chromatin-based FLC regulation (in wild-type
plants), epigenetic stability of the silenced state after cold was possible because H3K27me3 spread
rapidly to cover the whole locus (2). Loss of, on average, half of these histone modifications did not
result in loss of silencing because of the substantial number of remaining modifications which could
then feedback to fill in the missing marks. However, in Ihp1 and clf, we do not observe such high
levels of spreading, yet the nucleation peak with only a small number of H3K27me3 marks is still
maintained for many days after the cold — through many DNA replication events. This small size of
the H3K27me3-domain in the FLC nucleation region places strong theoretical constraints on the

ability of histone modifications in this region to be the sole heritable carriers of epigenetic memory.

We now derive an upper bound on the lifetime of the H3K27me3 nucleation peak after cold exposure
assuming that epigenetic memory is purely histone-modification based. In order to estimate the
maximum possible lifetime, our assumptions are conservative:
*  We assume that memory is stored solely in the nucleation region, consisting of three
nucleosomes.
. Nucleosomes (more specifically H3/H4 tetramers) are randomly segregated between the two
daughter strands at DNA replication.
. At the end of cold exposure, “nucleated” FLC contains three H3K27me3-covered nucleosomes,
and is perfectly stable outside of DNA replication.
. Only one H3K27me3-modified nucleosome needs to be inherited by a daughter DNA strand to
propagate the “nucleated” state.
We will later slightly weaken the first and last of these assumptions to make our model more realistic.
With the above assumptions, the probability of a daughter DNA strand inheriting zero out of three
nucleosomes (and therefore losing silencing) is 1/2 x 1/2 x 1/2 = 1/8. Since each cell contains two
homologous loci, the probability of losing silencing at one or more loci in a cell is
(1/8 x1/8)+2(1/8%x7/8) =15/64 =~ 0.23
Assuming a rate of cell division of once per day in the warm, this means that 23% of a population of
dividing cells will reactivate per day. Therefore, for a population of dividing cells, this gives the

following difference equation, with ¢t in days,
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Psilenced(t) = (1 - a) Psilenced(t - 1),for t>1

49\*
= (a) Psilenced(o):

where Pgjenceq 1S the proportion of silenced cells.

Assuming that there is a lag of one day after cold before the onset of cell division and a further one
day for the RNA produced from a reactivated FLC locus to be translated into visible protein in the

cell, this can be re-formulated as,

49 tafter cold—2
a) Psilenced(o):

where t eer corq 1S the number of days after cold exposure and Pgy ¢ is the proportion of cells showing
detectable FLC. With Pg;jjencea(0) = 1, we find Perc(7) = 74% and Pgrc(14) = 96%. However, it

can be clearly seen from the microscopy images of FLC-Venus in the Ihpl mutant at 7 and 14 days

Pric (tafter cold) =1- (

after 10 weeks of cold exposure (Figs. 3D, S7) that the actual proportion of cells in which FLC is
visible is considerably lower, despite impaired spreading. In fact, we estimate that the proportion of
cells with FLC intensity above background in lhpl is 6% and 30%, respectively for 7- and 14-days
after a 10-week cold exposure (Fig. S10). Hence, with our above assumptions, a pure histone
modification-based epigenetic memory is not consistent with the slow timescale of reactivation of

FLC seen in the Ihpl mutant.

One potential drawback of the above analysis is the assumption that H3K27me3 outside the
nucleation region does not contribute to a histone-modification based memory. However, in lhpl a
small amount of spreading is observed in the FLC gene body at 4 and 10 days after cold exposure.
Accordingly, we now consider the case that any modified nucleosome at the locus can contribute, not
just nucleosomes in the nucleation region. While it is difficult to estimate the number of modified
nucleosomes from our ChIP-gPCR experiments, we again seek to make conservative estimates so that
calculated lifetimes provide an upper bound. We calculate the maximum number of H3K27me3-
modified nucleosomes at FLC in Ihpl by first normalizing the LOESS smoothed ChlP profile to the
maximum value observed at the nucleation region at the end of cold exposure. After subtracting the
background calculated for H3K27me3 at the constitutively expressed ACT gene, we the integrate this
ChIP profile from -1.5 to +5.5kb from the FLC transcription start site. Assuming a nucleosome
spacing of 185 bp (47), this yields a total maximal number of H3K27me3 nucleosomes of 6.9 and 7.3
nucleosomes for 4 and 10 days after cold, respectively. That is, of the 35 additional nucleosomes
considered outside the nucleation region, only four, on average, carry H3K27me3. Regardless of the
molecular details of how these nucleosomes could contribute to maintaining H3K27me3 levels, we

now repeat the above analysis in the case where more than 3 nucleosomes contribute equally to
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epigenetic memory at the FLC locus. Generalising the above model to n nucleosomes gives a

probability of losing silencing at one locus or the other in a cell of

1 1 1 1 2n+l
(z_nxz_n>+2 z_nx(l_z_n> =T m

Following the methodology above we find

2n+1 -1 tafter cold —2
) Psilenced(o):

PFLC(tafter cold) =1- <1 — ZT

which for n = 3 reproduces our previous analysis. This more general formula is plotted for various
values of n in Fig. S10C. For 7 nucleosomes this new model is now able to fit the data for FLC
reactivation in the Ihpl mutant. This model, however, relies on several unrealistic assumptions, such
as a complete lack of replication-independent nucleosome exchange and the ability of inheritance of a
single H3K27me3-modified nucleosome (out of ~38 in the 7 kb FLC locus) to direct silencing of the
daughter DNA strand. If we relax this latter assumption, and require that at least two modified
nucleosomes are required for inheritance of the repressed state, the probability of a daughter DNA
strand inheriting zero or only one out of n nucleosomes (and therefore losing silencing) is 1/2™ +

n/2™ = (n+ 1)/2™. This formula then leads to a probability of reactivation per division of

n+1l n+1 n+1 n+1 n+1 n+1
(znxzn)Jr2 2n x(l_ zn)zzn (2_ zn)'
and a reactivated cell proportion of

n+ 1 n+ 1 tafter cold —2
PFLC(tafter cold) =1—-11- (2 - ) Psilenced(o)-

2n 2n

These reactivation dynamics are plotted alongside the experimental data for lhpl in Fig. S10D. As can
be seen, the revised model reactivation is again much too quick in comparison with our experimental
data. Overall, therefore, our experiments and analysis favour the hypothesis that histone modifications

are not the only epigenetic memory storage elements.
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Fig. S1. FLC expression in mutant backgrounds. (A) FLC expression in mutants in non-vernalized
conditions (from experiments in Fig.1A), measured by RT-gPCR. Data are represented relative to
UBC. (B) FLC expression in FRI, clf, vin3 and vrn2 in non-vernalized conditions (from experiments
in Fig. S1C), measured by RT-qPCR. Data are represented relative to UBC. (C) FLC expression in
time course of cold treatment, measured by RT-qPCR. Data are represented relative to UBC, and then
normalized to non-vernalized FLC levels. (D) FLC expression in non-vernalized conditions (from
experiments in Fig. S1E). Data are represented relative to UBC. (E) FLC expression in time course of

cold treatment, measured by RT-gPCR. Data are represented relative to UBC, and then normalized to
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Fig. S2. Expression of Polycomb factors during vernalization. (A) VIN3 expression measured

either in non-vernalized (NV) plants, or after a 6-week cold treatment (6W). Plants were transferred to
warm for 0, 4, 10 or 20 days (6WTO, 6WT4, 6WT10, 6WT20, respectively). Polycomb components
(B) SWN, (C) CLF, (D) VRN2, and (E) LHP1 expression dynamics during vernalization measured by

RT-gPCR. Data are represented relative to UBC. Error bars represent s.e.m (n > 3).
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Fig. S3. H3K36me3 levels in the mutant backgrounds during vernalization. (A) H3K36me3 ChIP
across the FLC locus before cold and after a 6-week cold treatment. Data normalised to H3 levels and
then expressed relative to H3K36me3/H3 levels at ACTIN. Error bars represent s.e.m. (n > 3). Curves
fitted using LOESS local regression (Supplementary Materials). (B) H3K36me3 ChiP data averaged

over 2 primers for the FLC nucleation region (Table S1). Error bars represent s.d.
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Fig. S4. FLC silencing is stably maintained after cold without DNA replication/cell division in
wild-type and clf, Inpl mutants. (A) Roscovitine inhibits plant growth. Seedling were grown on
GM-GLU vertical plates for 12 days, and then transferred to medium containing 0 or 2, 5, 10 uM
roscovitine respectively. Root tips of these seedlings were aligned horizontally, as shown in the
figure. (B) FLC expression during roscovitine treatment in non-vernalizing conditions. Wild-type 12-
day old seedlings were treated with 0 or 10 UM roscovitine for 4, 7, and 10 days respectively.
Untreated 12-day old seedlings were used as before treatment (BT) control. Data represented relative
to UBC. Error bars represent s.e.m from 4 biological replicates. (C) FLC expression during
roscovitine treatment after a 6-week cold exposure. Seedlings were transferred to warm conditions at
the end of cold exposure and treated with 0 or 10 uM roscovitine for 4, 7, and 14 days. Data
represented relative to UBC. Error bars represent s.e.m (n=4).
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Fig. S5. Schematic of quantitative image analysis workflow for calculation of per-cell FLC-
Venus fluorescence intensity. The propidium iodide staining channel representing the cell wall was
used to generate both a mask of the root volume and a segmented image delineating individual
regions (using the SimplelTK implementation of the Watershed segmentation algorithm). Root cells
were identified as segmented regions within the mask. These cell regions were used to calculate the
intensity of the FLC-Venus fluorescence channel on a per cell basis, giving the mean intensity per
voxel for each cell. While all analysis was carried out in three dimensions, the images shown here

represent a single plane of the confocal stack at different stages of the workflow.
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Fig. S6. Imaging FLC-Venus in root meristems. (A) FLC-Venus intensity in root meristems in
wild-type and the various mutant backgrounds indicated in non-vernalized conditions. 14-day old
plants were imaged. (B) and (C) FLC-Venus intensity and histograms of single-cell intensities
obtained from automated image quantification, 7 days after a 6-week (B) or 8-week (C) cold
treatment. Quantifications for non-vernalized roots are shown in Fig. 3B. Number of roots and cells
analysed for each treatment listed in Table S2. The same image acquisition and processing settings
were used for all roots. In composite images, FLC-Venus is a sum projection over 9 z-slices (8.55
um), while the cell wall stain (propidium iodide) corresponds to a single central z-plane

(Supplementary Materials). Scale bar in (A) represents 50 pm and is valid for all panels.
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Fig. S7. Imaging FLC-Venus in root meristems after cold. (A,B) Examples of FLC-Venus in root
meristems of wild-type and lhpl plants either 7 days (A) or 14 days (B) after a 10-week cold-
treatment. The same image acquisition and processing settings were used for all roots. In composite
images, FLC-Venus is a sum projection over 9 z-slices (8.55 um), while the cell wall stain (propidium

iodide) corresponds to a single central z-plane (Supplementary Materials). Arrows in lhpl plants
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Fig. S8. Imaging FLC-Venus and FLC-mCherry in root meristems. (A,B) FLC-Venus and FLC-
mCherry are uniformly present in all cells in non-vernalized plants for both wild-type (FRI) (A) and
Ihpl (B). (C-E) FLC-Venus / FLC-mCherry in wild-type roots after 5 weeks (C,D) or 6 weeks (E)
cold exposure. Plants were grown for a further 10 days after cold before imaging. The following

notation is used to label cell files in the various expression states: both expressed, b; FLC-Venus only,
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v; FLC-mCherry only, c. All plants contain a single genomic copy of each of FLC-Venus and FLC-
mCherry. The same image acquisition and processing settings were used for all roots. Both channels
are sum projections over 9 z-slices (8.55 um). Scale bar shown in upper left panel is 50 um, and is

valid for all panels.
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Fig. S9. Imaging FLC-Venus and FLC-mCherry in root meristems in lhpl after cold. (A,B)
Imaging FLC-Venus / FLC-mCherry in lhpl plants after 5 weeks (A) or 6 weeks (B) cold exposure.
Plants were grown for a further 10 days after cold before imaging. The following notation is used to
label cell files in the various expression states: both expressed, b; FLC-Venus only, v; FLC-mCherry
only, c¢; neither expressed, n. All plants contain a single genomic copy of each of FLC-Venus and
FLC-mCherry. The same image acquisition and processing settings were used for all roots. Both
channels are sum projections over 9 z-slices (8.55 um). Scale bar shown in (A) is 50 um, and is valid

for all panels.
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Fig. S10. Comparison of histone-modification-based epigenetic model and experimental data.
(A) Histograms of single-cell FLC-Venus intensities in Ihpl, 7- and 14-days after a 10-week cold
treatment. Number of roots and cells analysed for each treatment listed in Table S2. Background
levels were estimated as the 98-th percentile of mean cellular FLC-Venus intensity in roots with
completely silenced FLC-Venus. Cells below this threshold are shaded grey, while those above (FLC-
ON) are shaded pink. (B) The proportion of FLC-ON cells measured in wild-type and lhpl root
meristems after a 10-week cold treatment (Experiment). This is compared to conservative predictions
from a model of purely histone-modification-based epigenetic memory in the nucleation region
(Model). (C) Predicted FLC reactivation dynamics after cold for a histone-modification-based
memory model with 3-7 nucleosomes, assuming that a single H3K27me3-containing nucleosome is
sufficient for inheritance of silencing. Pink circles show experimental data for lhp1, as in (B). (D)
Same as (C), except with the assumption that two or more H3K27me3-containing nucleosomes must

be inherited for silencing.
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Fig. S11. Characterization of VIN3-GFP transgenic line. (A) FLC expression in wild-type and
VIN3-GFP/vin3 plants measured by RT-gPCR before (hon-vernalized, NV) and after a 4-week cold
treatment, showing that the VIN3-GFP translational fusion complements the vin3 mutant FLC
expression defect during vernalization. (B) VIN3-GFP transgene mMRNA measured by RT-gPCR,
showing that transgene expression in VIN3-GFP/vin3 plants is similar to the endogenous VIN3 in
wild-type plants during vernalization. Data are represented relative to UBC. Note discontinuity in y-
axis. Error bars represent s.e.m from 3 biological replicates in (A) and (B). (C) VIN3-GFP was
detected after immunoprecipitation by immunoblot. FRI was used as the non-transgene control; FLC-
Venus as the IP efficiency control; and Tubulin as the loading control. Protein size marker is shown in
kDa on the left.
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Fig. S12. Characterization of LHP1-eGFP transgenic line. (A) Schematic of LHP1-eGFP
construct. Genomic DNA used to generate LHP1-eGFP translational fusion is indicated. Exons are
represented by black boxes. Transgenes extend from 2.4 kb upstream of ATG to 1.1 kb downstream
of the LHP1 stop codon. Neighbouring genes are depicted in grey. (B) The LHP-eGFP transgene
complements Ihp1-6 flowering time defect in non-vernalized (NV) plants, and transgenic plants
respond to a 5-week cold-exposure by accelerating flowering, similar to wild-type. Flowering time
was measured by days from sowing until bolting but does not include the time in cold treatment. (C)
LHP1 expression measured by RT-gPCR in non-vernalized conditions in wild-type, Ihp1-6 and
LHP1-eGFP/Ihp1-6 plants. Transgenic LHP1-eGFP restores LHP1 mRNA expression in Ihp1-6
mutant. Data are represented relative to UBC. Error bars represent s.e.m from 3 biological replicates.
Two independent LHP1-eGFP/Ihpl-6 transgenic lines are shown. (D) Photograph showing that lhp1-
6 plant size and leaf morphology phenotypes are rescued by LHP1-eGFP transgene (line #14). (E)
FLC expression measured by RT-gPCR after a 4-week cold treatment in wild-type, lhp1-6 and LHP1-
eGFP/lhpl-6 plants. LHP1-eGFP rescues the FLC reactivation phenotype of lhp1-6. Data were
normalized to UBC levels, and are expressed relative to FLC levels in non-vernalised plants. LHP1-
eGFP/lhpl-6 represents an average over 3 independent transgenic lines, each measured in 3 biological
replicates. Error bars represent s.e.m (n=3 for FRI, lhp1-6; n=9 for LHP1-eGFP/lhp1-6). (F) Confocal
images showing nuclear localisation of LHP1-eGFP in root meristematic tissue. (G) LHP1-eGFP (line
#20) can be enriched during ChIP protocol. “non-crosslinked” input sample demonstrates that a single
band is present in the absence of crosslinking. Protein size marker is shown in kDa on the left.
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Fig. S13. Detecting SWN, CLF and VRNS5 in transgenic lines. Confocal microscope images of root
meristems from (A) SWN-YFP/FRI, (C) 35S::GFP-CLF/clf and (E) VRN5-YFP/vrn5 plants, showing
nuclear localisation of the GFP fusion proteins. Roots from 9-day old transgenic seedlings were used
for imaging. Corresponding anti-GFP immunoblots (B, D, F) from these plants showing that GFP-

tagged proteins are enriched after pull-down. Protein size marker is shown in kDa on the left.
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Fig. S14. ChIP for tagged proteins on control genes. (A) VIN3, (B) VRNS5, (C) SWN, (D) CLF,
and (E) LHP1 ChlIP, before cold and after 6-weeks cold. FRI non-vernalized (NV) (background) was
used as a non-transgenic control. Error bars represent s.e.m. (n = 3). Scales for y-axis are chosen to be
the same as in the corresponding panel in Fig. 4.
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Fig. S15. Comparing H3K27me3 and VRNS5 level decay rates at FLC nucleation region after a 6-
week cold treatment. (A) H3K27me3 ChIP data in Ihpl and clf presented as H3K27me3/H3
normalised to internal control gene STM, averaged over 2 primers for the FLC nucleation region, and
then further normalized to the end-of-cold level (set as 1). (B) VRNS5 ChIP enrichment at FLC,
measured as a percentage of input chromatin, averaged over 2 primers for the FLC nucleation region
(Table S1), and then normalized to the end-of-cold level (set as 1). Error bars represent s.d. (n = 3 for

each primer) in all cases.
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Fig. S16. Schematic model showing the molecular composition of the FLC locus during and
after cold exposure. (A) In Ihpl and clf backgrounds, metastable epigenetic repression is maintained
in cis, likely through multiple feedbacks involving VRN5, SWN-PRC2, H3K27me3, and other
factors. (B) If LHP1 and CLF are present, nucleation can spread to cover the entire locus to achieve
fully stable silencing by the feedbacks involving the spread LHP1, CLF-PRC2 and H3K27me3.
Circular arrows indicate feedbacks between H3K27me3 and local protein factors. Hybrid green/purple
ovals indicate that both CLF-PRC2 and SWN-PRC2 are present.



Table S1. PCR primers.

Primers used for FLC ChIP

Primer position Sequence 5°-3’ Note

FLC -2320_F ATCCAGAAAAGGGCAAGGAG

FLC 2267 R CGAATCGATTGGGTGAATG

FLC_-1599 F TGGAGGGAACAACCTAATGC

FLC_-1530_R TCATTGGACCAAACCAAACC

FLC -392_F ACTATGTAGGCACGACTTTGGTAAC

FLC 272 R TGCAGAAAGAACCTCCACTCTAC

FLC -49 F GCCCGACGAAGAAAAAGTAG

FLC 53 R TCCTCAGGTTTGGGTTCAAG

FLC 157 F CGACAAGTCACCTTCTCCAAA Nucleation region
FLC 314 R AGGGGGAACAAATGAAAACC

FLC 416 F GGCGGATCTCTTGTTGTTTC Nucleation region
FLC 502_R CTTCTTCACGACATTGTTCTTCC

FLC 652 _F CGTGCTCGATGTTGTTGAGT

FLC 809 R TCCCGTAAGTGCATTGCATA

FLC 1144 F CCTTTTGCTGTACATAAACTGGTC

FLC 1257 R CCAAACTTCTTGATCCTTTTTACC

FLC_1533_F TTGACAATCCACAACCTCAATC

FLC_1670_R TCAATTTCCTAGAGGCACCAA

FLC 1933 F AGCCTTTTAGAACGTGGAACC Gene Body
FLC 2171 R TCTTCCATAGAAGGAAGCGACT

FLC_ 2465 F AGTTTGGCTTCCTCATACTTATGG Gene Body
FLC 2560 R CAATGAACCTTGAGGACAAGG

FLC 3197_F GGGGCTGCGTTTACATTTTA Gene Body
FLC 3333 R GTGATAGCGCTGGCTTTGAT

FLC 3998 F CTTTTTCATGGGCAGGATCA Gene Body
FLC 4178 R TGACATTTGATCCCACAAGC

FLC 4322_F AGAACAACCGTGCTGCTTTT Gene Body
FLC 4469 R TGTGTGCAAGCTCGTTAAGC

FLC 5139 F CCGGTTGTTGGACATAACTAGG Gene Body
FLC 5244 R CCAAACCCAGACTTAACCAGAC

FLC 5643 _F TGGTTGTTATTTGGTGGTGTG

FLC 5758 R ATCTCCATCTCAGCTTCTGCTC

FLC_6057_F CGTGTGAGAATTGCATCGAG

FLC 6175 R AAAAACGCGCAGAGAGAGAG

FLC_6877_F TTGTAAAGTCCGATGGAGACG

FLC 6947 R ACTCGGCGAGAAAGTTTGTG

Reference gene for H3K36me3 ChIP
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480

ACTIN 728 F
ACTIN_812 R

GATATTCAGCCACTTGTCTGTG
CTTACACATGTACAACAAAGAAGG

Reference gene for H3K36me3
ChipP
and for protein ChIP control.

Reference gene for H3K27me3 ChIP

STM_exonl F
STM_exonl R

GCCCATCATGACATCACATC
GGGAACTACTTTGTTGGTGGTG

Reference gene for H3K27me3
ChIp
and for protein ChIP control.

Negative control in protein ChIP

AtSN1_F
AtSN1 R

CCAGAAATTCATCTTCTTTGGAAAAG
GCCCAGTGGTAAATCTCTCAGATAGA

Protein ChlIP control

Primers for gRT-PCR

FLC_F AGCCAAGAAGACCGAACTCA FLC expression
FLC R TTTGTCCAGCAGGTGACATC

VIN3_F TGCTTGTGGATCGTCTTGTCA VIN3 expression
VIN3_R TTCTCCAGCATCCGAGCAAG

SWN_F AGAAATTGCTGGGTTAGTTGTG SWN expression
SWN_R GAGCATCGAGGACGTACTGAT

CLF F GTAGAAACTGCTGGGTCATTGGT CLF expression

CLF R CAGATATTCCAAGTAAAACCCTTTG

VRN2_F CAAAGCGCAAAAGAAAGTC VRNZ2 expression
VRN2_R CAAGAACAATCCTCCCTAACT

LHPL F TGAGGAGTTGGACATCACGA LHPL expression

LHPL R CTTCCCATCAGACCTCAGCG

UBC_GPCR_F | CTGCGACTCAGGGAATCTTCTAA Efgféggi%%ge“e for gene
UBC_GPCR R | TTGTGCCATTGAATTGAACCC

Primers for genotyping FLC-Venus and FLC-mCherry transgenes

FLC-V33-1F | ACAGAGGATCGAGTGGTTT Use with FLC-V33-2R
FLC-V332R | ACATCAGACGAAAGAGAGGA ;JSSEJWEEELC'V%'F or
FLC-mCLL IF | ACGCTATGTAAACGTGATTAAGT Use with FLC-mC11-1R
FLC-mCL1 IR | ACCTCAAGATCCGATACATCC :)Jssij"vggg'-c‘\’%‘“ or
pSLJ_RB3 TATTCGGGCCTAACTTTTGGTGTG T-DNA right border primer




481  Table S2. Summary statistics for quantitative image analysis.

Number of roots imaged

FRI vin3 vrn2 lhpl
NV 8 8 8 8
6WT7 12 13 12 12
TWT7 18 13 13 18
7TWT14 21 24
8WT7 16 11 11 19
10WT7 16 16
10WT14 16 17
Number of cells quantified

FRI vin3 vrn2 lhpl
NV 891 885 996 932
6WT7 1807 1662 1515 1804
TWT7 2830 1964 2065 2769
7TWT14 3035 2084
8WT7 2276 1550 1486 2357
10WT7 1778 1956
10WT14 1869 1934
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