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The formation of symbiotic nodule cells in Medicago truncatula is
driven by successive endoreduplication cycles and transcriptional
reprogramming in different temporal waves including the activa-
tion of more than 600 cysteine-rich NCR genes expressed only in
nodules. We show here that the transcriptional waves correlate
with growing ploidy levels and have investigated how the epige-
nome changes during endoreduplication cycles. Differential DNA
methylation was found in only a small subset of symbiotic nodule-
specific genes, including more than half of the NCR genes, whereas
in most genes DNA methylation was unaffected by the ploidy
levels and was independent of the genes’ active or repressed state.
On the other hand, expression of nodule-specific genes correlated
with ploidy-dependent opening of the chromatin as well as, in a sub-
set of tested genes, with reduced H3K27me3 levels combined with
enhanced H3K9ac levels. Our results suggest that endoreduplication-
dependent epigenetic changes contribute to transcriptional reprog-
ramming in the differentiation of symbiotic cells.

Medicago truncatula | symbiosis | nodule-specific cysteine-rich peptides |
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ymbiosis between Medicago truncatula and its Sinorhizobium

bacterium partners results in the formation of nitrogen-fixing
root nodules. In these nodules, a persistent apical meristem (ZI)
constantly generates the various nodule cell types which in the
central region lead to the formation of different nodule zones
representing successive developmental stages and continuous
aging of nodule cells (Fig. 14). The cell layers below the meri-
stem make up the invasion zone (ZII), where the youngest
postmeristematic cells leaving the meristem with 4C genome
content can be infected with rhizobia. These symbiotic cells enter
a progressive differentiation program by duplicating their ge-
nome with repeated endoreduplication (ER) cycles associated
with gradual cell enlargement and loss of cell division ability. The
DNA content of symbiotic cells is 8C and 16C in ZII whereas it is
32C and 64C in the interzone (IZ) and in the nitrogen-fixing
zone (ZIII) (Fig. 1 A and B) (1). Because not all nodule cells
are infected, the symbiotic cells coexist with smaller, uninfected
4C and 8C cells (Fig. 14) (2). Parallel to host cell maturation, the
endosymbionts also undergo an irreversible terminal differenti-
ation program (3, 4). During differentiation, the host cells dra-
matically change their gene-expression programs involving the
activation of nodule-specific genes in successive spatial-temporal
waves in clusters I to VIII (Fig. 1C) (5-7). Activation of the early
genes in clusters [-IV occurs in the postmeristematic cells,
whereas the genes in clusters V and VI are activated in the distal
(ZI1d) and proximal (ZIIp) parts of ZII, and the genes in clusters
VII and VIII are induced during later stages of nodule devel-
opment in the IZ and ZIII. Among the activated genes is the
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nodule-specific cysteine-rich (NCR) family, producing hundreds
of different NCR peptides that guide terminal differentiation of
the endosymbionts, converting them progressively to large poly-
ploid, noncultivable nitrogen-fixing bacteroids. The NCR genes
are under extremely tight transcriptional control because they are
expressed exclusively in the symbiotic nodule cells, and their acti-
vation requires the intracellular presence of rhizobia (3, 6-8).
Accompanying the maturation process of symbiotic cells, different
subsets composed of tens or hundreds of NCR genes are expressed
during the early, middle, and later stages (groups 1, 2, and 3, re-
spectively, in Fig. 1 D and E). In situ expression of various NCR
and nodule-specific genes suggested that their expression could be
coupled to specific ploidy levels (6-8).

For nitrogen-fixing nodule development, the polyploidization
of the symbiotic cells by repeated ER cycles is essential, because
nodules in which ER is blocked are arrested in the nodule pri-
mordium stage and undergo early senescence (1). However, it
was not known whether and how successive ER cycles and the
polyploid state of the genome affect transcriptional reprogram-
ming. The strict nodule specificity and the possible linkage be-
tween gene expression and ploidy levels of symbiotic cells
suggested that epigenetic modifications along the ER cycles
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Polyploidization of somatic cells is common in angiosperms.
The characteristic and inherited developmental pattern of
polyploidy in various organs and cell types suggests a role for
endoreduplication in differentiation and specialized cell func-
tioning. Rhizobium-infected nodule cells provide a unique op-
portunity to study specific developmental-stage changes in
gene expression and in the epigenome during differentiation
and at growing ploidy levels. We show that transcriptional
reprogramming of hundreds of nodule-specific genes in suc-
cessive waves correlates with the ploidy levels. Moreover, the
dynamic changes observed in the epigenome suggest that
chromatin accessibility together with histone tail modifications
regulate the transcriptionally active or inert state of the genes.
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Fig. 1. Differential expression of M. truncatula
genes during nodule development and at different
ploidy levels of the symbiotic cells. (A) M. truncatula
nodule zones ZI-ZIll and the genome copy number
(Q) of nodule cells in a longitudinal nodule section
visualized by autofluorescence. ZI, meristem; ZII, in-
vasion zone (ZIld, distal younger 4C/8C symbiotic
cells; Zllp, proximal older growing symbiotic cells 8C/
16C); 1Z, interzone large symbiotic cells (16C/32Q);
ZIll, nitrogen-fixing zone of huge symbiotic cells with
large vacuoles (32C/64C) and uninfected cells (4C/8C)
in the central region and nodule cortex. The pre-
dominant genome copy number of symbiotic cells is
in yellow. (B) Nodule ploidy profile (Upper) and flow
cytometry sorting of nuclei with different ploidy
levels (Lower). Yellow indicates the ploidy of nuclei
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used for further experiments. (C—E) Hierarchical clustering analysis of M. truncatula gene sets in clusters I-VIII (C), in NCR genes, groups 1-3 (D), and in selected
genes in nodule zones in the RNA-seq experiment (E) obtained by laser-capture microdissection [Data from Roux et al. (5)]. Blue-black-yellow colors corre-
spond to low-to-high expression levels as shown in the scale bars. (F) Expression levels were determined by RT-qPCR of NCR117, ENOD12, NCR084, NCR0O1,
and NCR122 genes in nuclei of 4C, 8C, 16C, and 32C nodules. The expression levels are relative to the constitutive genes Mtc27 and 40S. Values are averages + SEM
from three independent experiments. Letters a, b, and ¢ indicate significant differences (Student-Newman-Keuls test, P < 0.05).

might play a critical role in transcriptional regulation of NCRs
and other nodule-specific genes (7). The recently reported
reprogramming of DNA methylation during M. truncatula nod-
ule development, regulated by the DNA demethylase gene
DEMETER (MtDME), is in agreement with this hypothesis (9).
Changes in 5-cytosine methylation of the DNA (5mC) and in
histone tail modifications, alone or in combination, are impor-
tant determinants of the chromatin structure and gene expres-
sion. The sequence context (CG, CHG, or CHH, in which H =
A, C, or T) and the location of the DNA methylation in the
promoter, gene body, or 3’ regulatory region can have different
effects on gene transcription. In general, there is a strong cor-
relation between DNA methylation in the promoter region and a
decrease in gene expression (10-13). Among the histone tail
modifications, trimethylation of H3 lysine 27 (H3K27me3) (14)
also results in low expression level and high tissue-specificity
(15), whereas acetylation of lysine 9 of histone H3 (H3K9ac)
leads to gene activation (16-19). Here, using nodule nuclei sorted
according to their DNA content, we studied genome-wide DNA
methylation and chromatin accessibility as well as the presence of
repressive H3K27me3 and activating H3K9ac histone tail modi-
fications on selected genes. Patterns of chromatin changes then
were matched to published in situ RNA-sequencing (RNA-seq)
data of the nodule zones obtained by laser-capture microdissec-
tion (5). Our results collectively highlighted a correlation between
ploidy level, gene expression, and chromatin structure.

Results

Differential Expression of Nodule-Specific Genes Depends on the
Ploidy Levels of the Symbiotic Cells. To confirm the linkage be-
tween the expression of nodule-specific genes and ploidy levels, the
expression level of selected, differentially expressed genes (Fig. 1E)
was measured in isolated 4C, 8C, 16C, and 32C nuclei (Fig. 1B)
with quantitative RT-PCR (RT-qPCR) (Fig. 1F and Table S1). The
2C and 64C nuclei were not included in this and our further
analyses because they could not be isolated in sufficient amounts.
NCRI117 and ENODI2 (20) were the examples for early ZIId genes,
and NCR084 and NCRO001, respectively, were the examples for the
IZ and ZIII genes. NCRI122 was tested also because, unlike all
other NCRs, this gene is expressed in the root and in uninfected
nodule cells but not in infected ones (7). Both the early genes,
NCR117 and ENODI2, were expressed most strongly in the 8C
and 16C nuclei, whereas the late genes NCR084 and NCR001 were
expressed in the 16C and 32C cells, coinciding with their later
function in symbiotic cell development. NCRI22 expression was
maximal in the 4C cells and then decreased with the increasing
ploidy levels, in agreement with the expression of this gene in the
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low-ploidy cortical cells and uninfected cells of the IZ and ZIII (7).
However, the expression of NCR0O0I and NCR122 was significantly
higher than that of the other tested genes. Overall, the expression
of these nodule-specific genes according to the ploidy level corre-
lated well with their spatial expression pattern in nodules identified
previously with in situ hybridization, promoter-reporter gene fusions,
and laser-capture microdissection coupled to RNA-seq (7, 20).

Only Specific Subsets of Genes Display Ploidy-Dependent Differential
DNA Methylation. Because the majority of nodule-specific genes
are expressed in the mature symbiotic cells (32C) and are re-
pressed in the uninfected (4C) cells, we analyzed differences in
DNA methylation (5SmC) genome-wide in isolated 4C and 32C
nuclei with reduced representation bisulphite sequencing (RRBS)
(21). In total 461,403 methylated cytosines (mCs) were found
in the 4C cells: 80% were in CG sequences, 15% were in CHG
sequences, and 5% were in CHH sequences, whereas in 32C cells
71% of 519,975 mCs were in CG, 22% were in CHG, and 7%
were CHH sequences (Fig. S14). However, the number of de-
tected mCs is an underestimation caused by the RRBS approach,
the sequencing coverage, and the stringent parameters used for
mC calling (SI Materials and Methods). The 71-80% mCs in the
CG context was higher than reported in other plants, in which
typically 40-55% mCs are in the CG context (13, 22, 23). The
reason for this difference is unknown but may be related to the
lower GC content of the M. truncatula genome (27%) compared
with other plant species (32-46%) (24). The overall distribution
of mCGs on the 1-kb upstream or downstream regions, exons,
introns, intergenic regions, or transposons was similar in 4C and
32C nuclei (Fig. S1B).

By grouping mCs at neighboring positions, differentially
methylated regions (DmRs) and within them DmR-associated
genes (DmRGs) were identified in the 4C and 32C nuclei (25).
Most DmRs (7,019; 79%) and DmRGs (4,295; 74%) were found
in CG sequences, suggesting the relevance of mCGs in gene
regulation (Fig. S14). Of the 39,260 protein-coding genes in the
M. truncatula genome, 11% (4,295) showed differential methyl-
ation, with 6% (2,488) being hypomethylated and 5% (1,807) being
hypermethylated in the 32C cells (Fig. 24). Differential methyl-
ation was observed on the entire coding region, including the 1-kb
upstream and downstream sequences, with predominance in the
gene body and primarily in the CG context (Fig. S1 C and D).
Gene Ontology (GO) term distribution analysis of hypomethylated
DmRGs revealed a strong overrepresentation of the “nodule
morphogenesis” [GO ID: 0009878; P = 1.4E-31; false discovery
rate (FDR) = 5.5E-29] and “metal ion binding” (GO ID: 0046872;
P = 450E-07; FDR = 8.60E-05) GO categories (Table S2). In
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Fig. 2. Differential methylation of nodule-specific and nodule-expressed
genes in 32C versus 4C nodule cells. Graphs show the percentage and
number of protein-coding genes and NCR genes showing hyper- or hypo-
methylation genome-wide (A) and according to the expression profile (B).
(B, Left) Genes in clusters -1V preferentially expressed in 4C. (Right) Genes in
clusters VII-VIIl and the NCR genes in group 3 preferentially expressed in
32C. Hypermethylation is shown in red, no change is shown in gray, and
hypomethylation is shown in blue.

these two categories of hypomethylated DmRGs, the NCRs and
other nodule-specific genes accounted for 96.6 and 60.0% of genes,
respectively. Of the 375 detected NCRs, 44% (164 NCRs) were
hypomethylated, and only 4% (14 NCRs) were hypermethylated at
32C ploidy level (Fig. 24). Differential methylation was pre-
dominant in their 1-kb upstream regions and in the CG context
(Fig. S1C). To investigate the relationship between changes in CG
methylation and differential gene expression, protein-coding genes
in clusters I-IV that were expressed in 4C and down-regulated in
32C (Fig. 1C), genes in clusters VII and VIII that were up-regulated
in 32C and were not expressed in 4C (Fig. 1C), and NCRs ex-
pressed in the 32C (group 3; Fig. 1D) were analyzed (Fig. 2B). In
clusters I-IV, 6% (281) of the genes were hypomethylated; un-
expectedly, only 6% (257) of the genes in 32C were hyper-
methylated, suggesting that DNA methylation plays a minor role
in their repression. Moreover, these methylation changes were
visible mostly in the gene body (Fig. S1D). In the case of the genes
up-regulated in 32C, the fraction of hypomethylated DmRGs was
significantly higher (P < 0.0001, Fisher’s exact test): 18% (118) in
clusters VII and VIII and 48% (109) in group 3 NCRs (Fig. 2B).
These changes occurred mostly in the 1-kb promoter region (Fig.
S1D). These results suggest that the decrease in DNA methylation
might contribute to their activation or up-regulation in 32C.

To investigate if differential methylation has quantitative ef-
fects on gene expression, we compared the transcript abundance
of hypermethylated and hypomethylated DmRGs using the
published in situ RNA-seq data of the nodule zones (Fig. S2 and
Dataset S1). We found that hypomethylation, hypermethylation, or
no change in methylation affected the expression levels of the
protein-coding and NCR genes differently (Fig. S2). The lower
expression levels of protein-coding genes in 32C cells correlated
with their hypermethylation or no change in their methylation status,
whereas the transcript abundance of hypomethylated protein-coding
genes was significantly higher in these cells. This finding is in
agreement with the prevailing view that demethylation is a positive
regulator of gene expression. However, such a correlation was not
observed for the group 3 NCR genes, and, unexpectedly, the ex-
pression levels of the few hypermethylated NCRs were particularly
high. Moreover, hypomethylated NCR genes exhibited expression
levels similar to those of the unmethylated ones. Nevertheless,
the expression of the group 3 NCR genes, independent of their
methylation status, was much higher than the average expression
of the cluster VII and VIII genes. Taken together, these data
suggest that demethylation might be involved in the activation of a
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large subset of NCR genes but is not correlated with their ex-
tremely high expression.

Approximately 53% of the NCR genes did not differ in DNA
methylation at 4C and 32C (Fig. 24). These genes might be
active in the 8C and 16C cells and display hypomethylation in
these nuclei, or, alternatively, DNA methylation might not play a
pivotal role in their regulation. In our selected gene set, NCR117,
ENODI2, NCR00I, and NCRI22 belonged to this category,
whereas NCR084 was in the hypomethylated DmRG category,
allowing us to test these possibilities. By carrying out methylated
DNA immunoprecipitation (MeDIP) coupled to gPCR (MeDIP-
gPCR) in 4C, 8C, 16C, and 32C nuclei and measuring DNA
methylation of the five selected genes along the regions 1 kb
upstream and 500-600 bp downstream from their translational
start site (TSS), we found strikingly different patterns and extents
of DNA methylation (Fig. S3 and Table S3). Despite its high ex-
pression, the highest level of DNA methylation was observed in the
NCRO00I gene between —1,000 and —600 bp, peaking at —800 bp,
decreasing at —400 bp and even further at —200 bp, and not
detectable in the coding sequence. This profile was unaffected by
the ploidy levels between —1,000 and —800 bp, and only a slight
decrease in methylation was observed at —600 bp in the higher
ploidy nuclei as compared with 4C nuclei. NCR117 had a lower
level of methylation between —600 bp and —200 bp with the
highest level at —400 bp at all ploidy levels. A significant de-
crease was observed in 8C and 16C at —200 bp. ENODI2 was
methylated at low levels in the gene body but not in the 1-kb
upstream region. Neither the upstream region nor gene body was
methylated in NCR122. The strongly methylated gene body of
NCRO084 also was unaffected by the ploidy levels, unlike its 1,000-bp
upstream region where DNA methylation decreased significantly
with the growing ploidy levels in line with the bisulphite se-
quencing analysis and its expression in 16C and 32C cells.

Our findings show that clusters VII and VIII and NCR genes are
overrepresented in hypomethylated regions, suggesting that a decrease
in DNA methylation, particularly in the 1-kb upstream region, con-
tributes to their expression, whereas other genes with unaltered DNA
methylation in these groups might require chromatin modifications.

Chromatin Accessibility Varies with Ploidy and Correlates with Gene
Expression. To know how chromatin compaction and accessi-
bility change during the course of nodule differentiation and
how this change influences gene expression, we studied the
chromatin accessibility in 4C, 8C, 16C, and 32C nuclei genome-wide
using the assay for transposase-accessible chromatin sequencing
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Fig. 3. Differential chromatin accessibility of nodule-specific and nodule-
expressed genes in 4C, 8C, 16C, and 32C cells. (A) Number of early (HI and group
1) and late (VIFVIII and group 3) protein-coding and NCR genes showing high
(white) or low (dark gray) chromatin accessibility in 4C, 8C, 16C, and 32C nuclei. The
number of genes is shown on the y axis. (B) ATAC-seq tag counts in the 1-kb up-
stream region of protein-coding and NCR genes from early (HI and group 1) and
late (VIVIIl and group 3) gene clusters in 4C, 8C, 16C, and 32C nuclei. Box plots
show the upper, and lower quartiles; the median is shown by a horizontal line; and
whiskers show the 2.5 and 97.5 percentiles of the accessibility values. Different
letters indicates significant differences (Wilcoxon's rank sum test, P < 0.05).
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(ATAC-seq) (Fig. 3) (26). At the whole-genome scale the chro-
matin accessibility showed considerable differences with growing
ploidy levels. First, the early and late protein-coding and NCR
genes were classified according to the accessibility of their chro-
matin (Fig. 34). We found that the number of genes with high or
low compactness in their 1-kb upstream region correlated well
with the up- or down-regulation of genes in the respective gene
clusters. The number of cluster I and II genes with high chro-
matin accessibility was largest in 4C and 8C and was lower in 16C
and 32C, whereas it increased with growing ploidy levels in
clusters VII and VIII. The number of early group 1 NCR genes
with high chromatin accessibility was highest in the 8C nuclei,
whereas in group 3 of the late NCR genes chromatin was highly
accessible in 16C and even more in 32C. The distribution of the
ATAC-seq tag counts displayed only small variations at the four
ploidy levels in the genes in clusters I and II, whereas the genes in
clusters VII and VIII had significantly increased numbers of
reads in the 1-kb upstream region in 32C nuclei (Fig. 3B). For
the NCRs in group 3, the read counts increased in 16C and were
even more pronounced in the 32C nuclei (Fig. 3B).

To evaluate the correlation between expression and accessi-
bility, Pearson correlation coefficients (PCC) were determined
between the reads per kilobase of transcript per million reads
mapped (RPKM) values and ATAC-seq tag counts for protein-
coding genes and NCR genes belonging to different expression
groups from 4C to 32C ploidy levels. No correlation was found
(PCC=0.28, SEM = 0.01, SD = 0.51) in early-expressed protein-
coding genes (clusters I and II), but the correlation was evident
in case of the late-expressed genes in clusters VII and VIII
(PCC =0.52, SEM = 0.02, SD = 0.44) and in group 3 NCR genes
(PCC = 0.84, SEM = 0.01, SD = 0.20).

We also assessed the correlation between the methylation
status of genes and chromatin accessibility. Genes of clusters VII
and VIII and NCR genes of group 3 showed an increase in
chromatin accessibility in 32C compared with 4C, independently
of their hypermethylated, hypomethylated, or unchanged meth-
ylation state (Fig. S4), indicating that chromatin opening also can
occur in the absence of demethylation of the genes.

The local chromatin state of the five selected genes is shown in
Fig. 4. Based on the ATAC-seq tag frequency, the chromatin
shows relatively low accessibility in nuclei in which the corre-
sponding gene is not expressed but opens strongly in nuclei in
which the gene is transcriptionally active. In the NCR117 region
the chromatin was relatively most open in 8C, in line with its
early expression. ENODI2 is present in a rather open chromatin
region where the accessibility was the highest in the 8C and 16C
cells. For NCR084 and NCR0OI the chromatin became highly
open in 16C and 32C, but in NCRI122 it was most accessible in 4C
and 8C. The genome viewer at the five selected loci revealed that
changes in the local chromatin state are not limited to the pro-
moter regions but can extend over the neighboring regions. Thus,
taken together, the differential accessibility of chromatin regions
at various ploidy levels was in line with the activity of the genes

and with the expression of several neighboring genes in the same
chromatin microenvironment.

Ploidy-Dependent Variation in H3K27me3 and H3K9ac Chromatin
Marks Correlates with the Expression Pattern of NCR Genes. To an-
alyze the correlation between chromatin modifications and gene
expression, we used ChIP-qPCR to investigate how the antago-
nistic chromatin marks H3K27me3 and H3K9ac correlate with
the activation of weakly (NCRI17, ENODI12, and NCR084) and
strongly (NCR00I and NCRI22) expressed genes in different
ploidy nuclei (Fig. 5 and Table S3). On the NCRI17 locus the
level of H3K27me3 was relatively high in 4C and 32C nuclei,
where this gene is repressed, but was very low, especially close to
the TSS, in 8C and was low in 16C, where the gene is active (P <
0.05). H3K9ac was observed in the 4C, 16C, and 32C nuclei. In
the case of ENODI2, NCR084, and NCR00I, the H3K27me3
level was high in the 4C cells and decreased throughout the
entire region in the 8C cells, decreased even further in the 16C
cells, and increased again in the 32C cells. Similarly to NCR117,
H3K9ac modifications were observed at all three loci in 4C, 16C,
and 32C nuclei, but 8C was devoid of H3K9ac modifications. The
extent of H3K9ac modifications in the gene body of NCR084 and
NCRO001 was particularly important in 16C and 32C nuclei. In the
case of NCRI22, a low level of H3K27me3 together with high
H3K9ac marks in the 4C and 8C nuclei coincided well with gene
activity, whereas decreasing H3K9ac and increasing H3K27me3
correlated with gradual repression of NCR122 in 16C and 32C
nuclei.

Because both H3K27me3 and H3K9ac contribute to gene
regulation, we calculated the ratio of H3K27me3 and H3K9ac
for these five genes upstream and downstream from the TSS
(Fig. 5B). In NCRI117, the presence of H3K27me3 in the
—400-TSS region in 4C cells could be responsible for gene si-
lencing. In NCR084 and NCRO001, the high H3K27me3/H3K9ac
ratio in 4C and 8C cells coincides with their repression, and
lower values correlate with their activation. The same tendency,
although less pronounced, also was valid for ENODI2. In
contrast, for NCR122 the H3K27me3/H3K9ac ratio was low in
4C and 8C cells, in line with high gene expression, and de-
creased with an increased H3K27me3/H3K9ac ratio in 16C and
32C cells.

In general, modification of H3K27me3 showed dynamic
changes in both the promoter and the gene body as a function of
ploidy levels, whereas changes in H3K9ac were most important
in the gene body. The repressed state of the genes coincided with
a high level of H3K27me3 and chromatin compaction, whereas
gene activation coincided with a reduced level of H3K27me3 and
an increased H3K9ac/H3K27me3 ratio. The increased H3K9ac
levels correlated with higher gene expression and an open
chromatin conformation. Collectively these data suggest that
the activities of the NCRs are dynamically regulated by their
chromatin modifications.

4C 80 200 100 80
o éS““ B 188 e ——
b .. 33 MA 80 e e 20 L ——
-~ A T
32C o e _ 3 A 80 M k. 20 A hedaom 20, .
NCR117 | ENOD12 NCR084 NCRooT_ NCR122 |

Fig. 4. ATAC-seq tag frequency profile along the NCR117, ENOD12, NCRO84, NCR0OO1, and NCR122 genes at different ploidy levels. Black indicates the re-

pressed state, and blue represents the active state of the genes.
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Fig. 5. H3K27me3 and H3K9ac modifications of the NCR117, ENOD12, NCRO84, NCR0OO1, and NCR122 genes at different ploidy levels (4C-32C) detected with
ChlIP-gPCR. (A) H3K27me3 (red) and H3K9ac (green) levels are shown as percentages of input chromatin. The x axis represents the distance from the TSS. Each
bar represents a given primer pair used for this analysis. Black arrows at the TSS indicate ploidy levels at which the gene is active. The percent of input values
represents the average + SEM of three independent experiments. Asterisks indicate a significant difference compared with 4C: *P < 0.05, two-way ANOVA
with Tukey’s multiple comparison test. (B) The ratio of high (repression) to low (activation) H3K27me3 and H3K9ac levels for the five selected loci (at the
indicated gene positions relative to the TSS) is indicated by the red-to-green scale.

Discussion

Symbiotic nodule cells represent a unique model for studying
epigenetic changes in respect to growing ploidy and transcrip-
tional reprogramming. Our data provide insight into the dynamic
changes of epigenetic modifications during the development of
this specific cell type. By identifying ploidy-specific DNA meth-
ylation, repressive H3K27me3 and activating H3K9ac histone
marks, and the chromatin accessibility profiles of differentially
expressed genes, we get a view of the multilayered epigenetic
control of symbiotic cell differentiation. Moreover, our findings
provide a step forward in the understanding of the extremely
tight regulation of NCR genes.

Differential DNA Methylation Is Rare but Predominant in the NCR
Gene Family. Nodules derive from cortical cells in the root elon-
gation—differentiation zone. Induced by the Rhizobium signal
molecules—the Nod factors—cortical cells dedifferentiate and
enter the mitotic cycle. Proliferation of these cells leads to the
establishment of the meristem. DNA methylation of the meri-
stematic cells represents the initial and likely the most methyl-
ated status of DNA. Cells leaving the meristem and infected with
rhizobia undergo consecutive waves of transcriptional reprog-
ramming, and here we show that differential gene expression is
coupled to given ploidy levels. Methylation of promoters usually
provokes gene silencing, whereas demethylation was expected to
play a major role in gene activation. However, only a subset of
early and late genes exhibited changes in methylation in 4C and
32C cells, indicating that the DNA methylation state of the 4C
cells has been copied during the repeated ER cycles. NCRs be-
haved differently from most protein-coding genes, because
160 of 295 genes became hypomethylated. This finding is in line
with the recently reported down-regulation of the MtMET
methyltransferase gene (Medtr6g065580) and up-regulation of
the nodule-specific MtDME DNA demethylase in the interzone
cells and with down-regulation of NCR genes in the MtDME
RNAI lines (9). The differential methylation patterns that we
observed could be, in large part, the consequence of the action of
MtDME. Why the activation of certain NCR genes, but not
others, is associated with demethylation requires further in-
vestigation. An attractive reason why differential DNA methyl-
ation is important for the expression of a subset of NCR genes
might be related to the presence of transposable elements (TEs)
in the vicinity of many NCR genes (9). TEs in plant genomes
usually are maintained transcriptionally silent. This silencing of
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TEs also may affect neighboring genes, and NCR gene activation
thus may require demethylation mediated by MtDME. Accord-
ingly, many transposon genes are activated concomitantly with
the NCRs during symbiotic cell differentiation (9).

Changes in Chromatin Accessibility with the Ploidy Levels. Growing
evidence suggests that changes in DNA methylation can influ-
ence other epigenetic modifications and can directly affect the
chromatin structure (27, 28). We found that dynamic opening
and closing of the chromatin at different ploidy levels of the cells
correlated well with the active/repressed expression state of the
genes. Chromatin reorganization was particularly important
close to or at the TSS. However, open chromatin alone was not
sufficient for gene activation. The change in chromatin accessi-
bility was not tightly linked to DNA methylation, because it also
occurred when the DNA methylation status was not affected
by the ploidy. Moreover, the degree of chromatin opening did
not always show a direct correlation with the level of DNA
methylation.

Histone Modifications: The Level of H3K27me3 Is Crucial for Gene
Expression and Is Epistatic over H3K9ac. We analyzed the re-
pressive H3K27me3 and the activating H3K9ac profile of selected
symbiosis-specific genes from different spatial and temporal ex-
pression classes in growing ploidy nuclei. The H3K27me3 marks
were predominant in the 4C cells and are likely essential for
the repressed state of NCRs and other symbiotic genes. The
H3K27me3 marks were dramatically reduced in the 8C and 16C
cells and increased again in the 32C cells. Such a reduction of the
H3K27me3 marks could be sufficient for activation of the
NCR117 and ENODI?2 genes, which are already activated in 8C
cells. For the NCR0O84 and NCR00I genes, which are activated
from 16C on, reduced H3K27me3 marks together with the
presence of the active H3K9ac marks and accessible chromatin
structure contributed to gene activation. NCRs usually are expressed
at very high levels in 32C cells that, in addition to reduced
H3K27me3, have also the active H3K9ac marks in the gene body
and the promoter and an open chromatin structure. On the other
hand, in the case of early genes, the increase of H3K27me3
marks correlated with their repression in the 32C cells. The
primary role of the H3K27me3 mark in the regulation of these
genes is in line with previous observations that the deposition
and dynamic regulation of the H3K27me3 mark are important in
controlling tissue-specific gene expression and plant differen-
tiation (29).
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Epigenome Reconfiguration in ER-Driven Cell Differentiation. Our
results are consistent with studies of somatic cell reprogramming
and cellular differentiation in plants and animals, showing that
gene expression is controlled by multiple regulatory processes
from nucleosome positioning through histone modification and
DNA methylation (27, 28, 30). We propose that the dynamic
changes in the chromatin environment that we describe here
determine the cell type-specific transcriptional program by
turning on or off the temporally and spatially expressed nodule-
specific genes and therefore contribute to symbiotic cell differ-
entiation. Importantly, this remodeling is associated with the ER
process that drives this differentiation. Cellular differentiation
and morphogenesis through ER cycles is widespread in plants
(31-33). Well-studied examples are the seed endosperm, the
root hairs, and trichomes or the root cortical cells, all of which
are formed through ER (34-37). Also the establishment of many
plant-biotrophic interactions, and notably the formation of the
plant cells that are at the interface with the microbial partner,
require ER. These interactions include the nodules discussed
here and also mycorrhiza and pathogenic interactions with
powdery mildews and nematodes (31-33). Epigenetic processes
similar to the ones we described here during the differentiation
of nodule symbiotic cells also could be important in these other
ER-mediated differentiation programs. On the other hand, the
formation of symbiotic nodule cells in M. truncatula involves the
activation of a tremendous and extremely specific transcriptional
program involving genes exclusively expressed in these cells (5-7).
It is unclear if other cellular differentiation processes involve a
similarly profound transcriptional reprogramming and if they
therefore require the same strict regulatory controls as the sym-
biotic nodule cells.
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Materials and Methods

Plant Material, Bacterial Strain, and Growth Conditions. M. truncatula A17
seedlings were inoculated with Sinorhizobium medicae strain WSM419, and
28 d post inoculation nodules from three independent biological replicates
were collected in dry ice and kept at —80 °C. For ChIP experiments nodules
were collected on ice in 1% formaldehyde, and cross-linking was performed
under vacuum for 15 min. Formaldehyde was quenched with 125 mM glycine
for 5 min under vacuum, and nodules were washed twice with milliQ water,
dried, and stored at —80 °C until further use.

Purification of Nuclei and Downstream Analyses. Nodules were chopped with a
razor blade, and nuclei were obtained by a Beckman MoFlow Astrios
(Beckman Coulter) cell sorter. Comparable nuclear and total cellular mRNA
pools (21, 22) made possible the gene expression analysis in purified nuclei
that was performed with RT-qPCR on total RNA purified from nuclei with
Tri-Reagent (Sigma). Methylation analysis was performed with RRBS and
MeDIP on nuclear DNA purified with the DNeasy Blood and Tissue kit
(Qiagen). For ChlIP, formaldehyde-fixed nuclei were used. For ATAC-seq,
unfixed nuclei were treated as described (28). Details on all procedures are
provided in S/ Materials and Methods.
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