






activity at the nuclear or nucleolar periphery that have been

repeatedly described for mouse and human cells in middle

S phase [reviewed by Zink (2006)]. To confirm that

peripheral labeling patterns were not discarded inadver-

tently during flow sorting, we examined unsorted prepa-

rations of EdU pulse-labeled nuclei and found no

indication of any peripheral patterns in maize nuclei.

Second, we observed and quantified distinct patterns of

replication during early and middle S phase, with early

replication occurring primarily in regions with weak DAPI

staining while middle replication signals correlating clo-

sely with areas of strong DAPI staining.

To gain insight into why the incorporated label does not

coincide with DAPI staining during early S phase but does

during middle S phase, we considered the structure of the

maize genome. Maize genes mostly exist singly or in small

clusters, referred to as ‘‘gene islands,’’ separated by blocks

of intergenic sequence ranging in size from several to

several 100 kbp and composed primarily of different

families of retroelements that are distinct from classical

heterochromatic repeats (Liu et al. 2007; SanMiguel et al.

1996; Schnable et al. 2009). Given this basic organizational

pattern, we propose a ‘‘mini-domain model’’ as summa-

rized in Fig. 6 to relate replication timing to genome
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Fig. 4 Cytology of DNA

replication in staged, mitotic

S-phase root tip nuclei fixed in a

chromatin-preserving buffer

without vacuum. Sequential

projections were produced as

described (Bass et al. 2014) and

are shown as pseudo-colored

overlay images. One

representative nucleus is shown

for each stage: a EARLY,

b MIDDLE, or c LATE. The

location of the nucleolus (n) is

indicated. Comparison of these

images to those from

PBS/vacuum-fixed root tissues

(Fig. 2) confirms that the early S

‘‘red ? green’’ and middle S

‘‘yellow’’ patterns are not

artifacts of vacuum or buffer. d–
o Samples of nuclei fixed in

MBA without vacuum were also

imaged by super-resolution SIM

microscopy (OMX, GE

Healthcare). Rows and columns

are displayed as described for

Fig. 2. At this higher optical

resolution, the non-overlapping

early S (d vs. e–g) and
overlapping middle S signals

(h vs. i–k) were more detailed

than but similar to those from

the deconvolution images. The

locations of the nucleolus

(n) and knob

(k) heterochromatin are

indicated. All scale bars

represent 5 l
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structure in the euchromatic arms of a typical maize

chromosome. Images of DAPI-stained maize interphase

chromatin often reveal a recurring pattern of thick fibers

about 300 nm wide. In our model, these thick fibers

(Fig. 6a, bracketed region) would represent locally com-

pacted repetitive blocks of DNA (Fig. 6d, e). Combining

the genome organizational pattern with the common ten-

dency for open, transcriptionally active chromatin to

replicate early, we hypothesize that open, genic chromatin

exists as low density projections from the 300-nm fibers,

and that this low density chromatin is preferentially repli-

cated in early S phase (Fig. 6; thin fibers in 6e, green dots

in 6f Early S panel). The low density chromatin would be

barely visible in DAPI images, but prominently labeled by

EdU. In contrast, we propose that repeat blocks constitute

most of the chromatin in 300-nm fibers, which are more

brightly stained by DAPI and replicate mainly in middle S

phase. The two types of euchromatin, genic versus inter-

genic, would be in close proximity to each other, but with

limited spatial overlap, thereby producing the ‘‘red and

green’’ pattern characteristic of early S phase and the

‘‘yellow’’ pattern characteristic of middle S phase.

An alternative model in which different gene activity

states, active verses inactive, result in different replication

timing, early verses middle, respectively, could also

explain our findings. Such a model is not mutually
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Fig. 5 Cytology of DNA

replication in endocycling root

tip nuclei. Nuclei were prepared

as illustrated in Fig. 1 from the

1 to 3 mm section of pulse-

labeled roots and subjected to

3D deconvolution microscopy

and image display as described

for Fig. 2. Two representative

examples are shown for each of

three sequential sub-stages of

endocycling S phase; EARLY

endo-S (a–h), MIDDLE endo-S

(i–p), and LATE endo-S (q–x).
The location of knobs (k) and

nucleoli (n) are indicated.

Zoomed sections illustrate

replication around, but not

within, knobs in early endo-S (c/
d) and middle endo-S (o/p),
overlapping signals of DAPI

and A-488 in middle endo-S

bulk chromatin (k/l), detection
of A-488 within the interior of

the nucleolus at early endo-S (g/
h), and bright patchy

heterochromatin labeling by

A-488 at late endo S (s/t, w/x).
All scale bars represent 5 l
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exclusive with the mini-domain model, as one could

envision gene islands with one or more active genes con-

ditioning early replication, whereas chromatin in tran-

scriptionally inactive regions, such as silent genes or blocks

of repeats, are more compacted and condition middle S

replication. In either case, our data and model are largely

congruent with the developing paradigm of the coexistence

of multiple chromatin states (Roudier et al. 2011; Julienne

et al. 2013; Pope and Gilbert 2013) rather than the more

traditional view in which chromatin exists in either an open

active state or a closed inactive state.

One of the implications of our model is that it may

provide an explanation for the apparent absence of a dis-

tinct set of sequences replicating during middle S phase in

µ
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Fig. 6 A mini-domain model for the maize DNA replication patterns

during early versus middle S phase. a–c A small region from a SIM

image of a nucleus in mitotic middle S phase is shown along the top

after imaging the DAPI and EdU as described in Fig. 2. Yellow

brackets indicate a ‘‘thick fiber’’ of approximately 300-nm width that

can be seen in both wavelengths. d Schematic of genic regions (light

gray) with alternating and larger repetitive blocks (black) are

proposed to replicate during early (green sections in ‘‘Early S’’) or

middle (green sections in ‘‘Mid S’’) S phase. e Hypothetical folding

model in which the repetitive intergenic regions form the thicker most

visible core of the 300-nm fiber, surrounded by less densely packaged

chromatin (thin fibers above and below the 300-nm fiber) from the

genic regions. f Diagram illustrating how the model in e would appear
in our cytological assays of early (EARLY S) compared to middle

(MIDDLE S) S phase. The organization depicted in e could appear as

the ‘‘RED and GREEN’’ pattern of bulk chromatin seen in Early S

(e.g. Figs. 2c, g, 4a, 5c, g), or the ‘‘YELLOW’’ pattern of bulk

chromatin seen in Middle S (e.g. Figs. 2k, o, 4b, 5k, o)
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Arabidopsis (Lee et al. 2010), a species with much less

repetitive DNA than maize. This hypothesis could be tested

using 3C mapping methods to examine the coupling of

replication timing domains with chromatin interaction data,

as recently reported in mammalian systems (Pope and

Gilbert 2013).

Given that endocycling nuclei enter a second S phase

without the intervening mitosis of a typical cell cycle, there

is no a priori reason to presume that mitotic and endocy-

cling S phases would have similar replication programs.

However, we found a remarkable congruence between S

phase in the mitotic cycle and the endocycle for all of the

examined cytological features, including the progressive

increase in nuclear volume (Table 1). Thus, the determi-

nants of these cytological patterns must be independent of,

or able to by-pass, mitotic processes such as chromatin

condensation, sister-chromatid separation, and nuclear-en-

velope dissolution and reformation. In yeast and mammals,

replication timing for a particular sequence, region or

domain can sometimes vary, reflecting changes in chro-

matin state, epigenomic features or transcriptional activity

[reviewed by Aparicio (2013)]. Nevertheless, we showed

that the cytological events associated with mitotic repli-

cation and the endocycle are visibly and quantitatively very

similar. We cannot exclude the possibility that certain

sequences replicate at different times, or undergo differ-

ential replication, in mitotic versus endocycling nuclei.

Most events of this type would be beyond the detection

limits of cytological analyses and would be revealed only

by detailed molecular analysis of replication timing pro-

files. However, our data on nuclear volume (Table 1) and

DNA content estimates from flow cytometry are consistent

with a single, complete replication of the entire maize

genome during endo S phase.

In summary, by careful measurement of the global

relationship between DNA synthesis and bulk DNA density

in 3D quantitative deconvolution image reconstructions,

we defined aspects of DNA replication in maize not pre-

viously described in other eukaryotes. Several features of

DNA replication were apparent at the whole nucleus scale.

Maize DNA replication activity is widely distributed in the

nucleoplasm during both early and middle S phase, and

does not show the perinuclear and perinucleolar patterns

characteristic of mammalian middle S phase. Statistical

analysis of the 3D data showed that maize DNA synthe-

sized during middle S phase tightly colocalizes with the

brightly stained DAPI signals in the nucleoplasm, a pattern

sharply distinct from the early S phase pattern of labeling

in decondensed regions with only weak DAPI signals. This

partitioning may reflect an interspersed pattern of chro-

matin states that is particularly well resolved in maize. In

addition, we found that endocycling nuclei exhibit the

same cytological progression within S phase as nuclei in

the mitotic cell cycle. A final and highly significant aspect

of this study derives from the use of nuclei isolated from

cells pulse-labeled and fixed while in a naturally develop-

ing organ of the plant. This system does not rely on cell

lines, artificial growth conditions or inhibitory chemicals.

As such, it provides an important benchmark for translating

knowledge of DNA replication between cultured cells and

the whole organism, while establishing a foundation for

future genetic, epigenetic and genomic analyses of plant

DNA replication.

Experimental procedures

Plant material

Zea mays B-73 seeds were imbibed in running water

overnight, and germinated in sterile Magenta boxes

(Sigma-Aldrich) containing a damp paper towel under

constant light at 28 �C. After 3 days, the seedlings were

immersed in sterile water containing 25 lM 5-ethynyl-20-
deoxyuridine (EdU, Life Technologies) for 20 min with

gentle agitation. After washing with sterile water, the ter-

minal 0–1 and 1–3 mm root segments were excised from

primary and seminal roots. The terminal and subapical

segments were separately fixed in 1 % formaldehyde in 19

phosphate-buffered saline (PBS) for 15 min with the first

5 min under vacuum, then washed in PBS three times, and

finally snap frozen in liquid nitrogen. As a control, a few

batches of cut root segments were alternatively fixed in

1 % formaldehyde in Meiocyte Buffer A [MBA from Bass

et al. (2014)] for 2 h without vacuum.

Nuclei isolation

The frozen roots were ground in a cell lysis buffer (CLB:

15 mM Tris–HCl pH 7.5, 2 mM EDTA, 80 mM KCl,

20 mM NaCl, 0.1 % Triton X-100, 15 mM b-mercap-

toethanol, pH 7.5) in a small commercial food processor at

4 �C. The ground cell suspension was incubated, filtered,

and centrifuged as previously described (Lee et al. 2010).

Isolated nuclei were washed in CLB-wash buffer (CLB

without EDTA and without b- mercaptoethanol) and cen-

trifuged at 2009g for 5 min at 4 �C. The incorporated EdU

was visualized after conjugation with A-488 using a Click-

iT EdU Alexa fluor 488 kit (Life Technologies). The nuclei

were incubated in the Click-iT reaction cocktail for 30 min

according to the manufacturer’s instructions, washed with

two volumes of CLB, and pelleted. Finally, the nuclei were

resuspended in CLB containing 2 lg/mL DAPI, and fil-

tered through a 20-lm nylon filter (Partec) before flow

cytometry and sorting.
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Flow cytometry and sorting

Isolated nuclei were sorted and recovered with an InFlux

flow cytometer (BD Biosciences) as previously described

(Lee et al. 2010; Bass et al. 2014), except the nuclei were

sorted into 29 CLB without b-mercaptoethanol. Nuclei

prepared from the 0–1 mm root segments were sorted using

sub-stage gates to collect populations of EdU/A-488-la-

beled nuclei with DNA contents in a defined windows

corresponding to early, middle and late S-phase between

2C and 4C populations (Fig. 1). Endocycle nuclei were

sorted by similar procedures, except that 1–3 mm root

segments were used and collections were made in windows

between the 4C and 8C populations. Flow cytometry data

was analyzed using FlowJo software (Tree Star Inc., Ash-

land, OR, USA).

Preparation of samples for microscopy

Flow-sorted nuclei were obtained as described above,

gently pelleted and stored in 19 PBS buffer at 4 �C and

imaged within weeks or months of fixation with no

apparent degradation in morphology or signal. Prior to 3D

deconvolution microscopy imaging, fixed nuclei were re-

stained with 5 lg/mL DAPI for 10 min, briefly pelleted,

washed with 19 PBS supplemented with 1 mM DTT,

placed on glass slides, mounted in VectaShield (H-1000,

Vector laboratories), and sealed under 1.5 coverslips for 3D

deconvolution microscopy imaging. Three-dimensional

FISH was carried out using the 3D acrylamide FISH

method with fluorescent oligonucleotide probes as descri-

bed by Howe et al. (2013, and references therein).

Three-dimensional image data collection,

processing, and display

Images were recorded with a DeltaVision 3D deconvolu-

tion microscope (Applied Precision) with an Olympus IX-

70 wide-field microscope and a 609 NA 1.4 PlanApo

(Olympus) oil-immersion lens with 1.5X magnification.

Image data were oversampled in the X, Y and Z dimensions

with typical XYZ voxel dimensions of 0.07 9 0.07 9

0.2 lm. Grayscale images were recorded on a cooled-CCD

camera and 3D datasets were subjected to three-dimen-

sional iterative deconvolution (Chen et al. 1995), and

chromatic aberration correction prior to analysis and

measurements. The resulting 3D data sets were then

cropped around individual whole nuclei prior to 3-D

modeling and spatial analysis. The images presented were

adjusted for brightness and contrast by linear scaling, and

multiple-wavelength images were pseudo-colored.

Through-focus projections were made using the ‘average

intensity projection’ mode. Sequential projections were

made by dividing the total number of optical sections per

nucleus by five and making through-focus average pro-

jections for each fifth of the nucleus. Pseudo-colored

overlays were adjusted for brightness and contrast using

linear scaling with red for DAPI and green for A-488. High

resolution structured illumination OMX microscopy

(courtesy of A. Quintanilla, Applied Precision Inc.,) was

carried out using slides prepared by our group.

Measurements of 3-D image data

The program EditPolygon was used to trace the edges of

the nucleus (DAPI image) manually, drawing circles on

each optical section for a given nucleus. The Vol-

umeBuilder program was used to connect the polygon

series into a 3-D object with a closed and continuous sur-

face. The 3-D object files were used to measure the nuclear

volumes and center of intensity (intensity weighted center

of space) for the objects in the DAPI and A-488 images.

The distance between the centers of intensity for DAPI and

A-488 datasets was calculated using standard Euclidian

distance measurements. Measurements reported in Table 1

were tabulated separately for each combination of fixation/

buffer conditions (PBS vs. MBA) or for each type of

microscopy (3D deconvolution/DV vs. structured illumi-

nation/OMX).
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Supplemental Table 1.  3D movie files of optical sections from image datasets of DAPI 

and A488 at Early-, Middle-, or Late-S phase maize root tip nuclei. 
 

S-phase 
substage 

Wavelength, 
filter sets 

Fluorescent dye 
(molecules 

imaged) 
Optical section 

colors Movie or Source file 

EARLY 
(Fig 4A) DAPI DAPI 

(total DNA) grey-scale ZmRootBFA_EarlyS__DAPI 

 FITC 
Alexa-488 
(EdU-labeled 
DNA) 

grey-scale ZmRootBFA_EarlyS__FITC 

 DF, 
DAPI & FITC 

DAPI (DNA) & 
Alexa-488 (EdU) 

pseudo-color 
(mg = magenta & green; 
rg = red & green) 

ZmRootBFA_EarlyS_DFmg 
 
ZmRootBFA_EarlyS_DFrg 

 DAPI & FITC DAPI (DNA) & 
Alexa-488 (EdU) 

DeltaVision 3D source 
file, (.dv) ZmRootBFA_EarlyS_DF.dv 

MIDDLE 
(Fig. 4B) 

D, 
DAPI 

DAPI 
(total DNA) grey-scale ZmRootBFA_MidS__DAPI 

 F, 
FITC 

Alexa-488 
(EdU-labeled 
DNA) 

grey-scale ZmRootBFA_MidS__FITC 

 DF, 
DAPI & FITC 

DAPI (DNA) & 
Alexa-488 (EdU) 

pseudo-color 
(mg = magenta & green; 
rg = red & green) 

ZmRootBFA_MidS_DFrg 
 
ZmRootBFA_MidS_DFmg 

 DAPI & FITC DAPI (DNA) & 
Alexa-488 (EdU) 

DeltaVision 3D source 
file, (.dv) ZmRootBFA_MidS_DF.dv 

LATE 
(Fig. 4C) 

D, 
DAPI 

DAPI 
(total DNA) grey-scale ZmRootBFA_LateS__DAPI 

 F, 
FITC 

Alexa-488 
(EdU-labeled 
DNA) 

grey-scale ZmRootBFA_LateS__FITC 

 DF, 
DAPI & FITC 

DAPI (DNA) & 
Alexa-488 (EdU) 

pseudo-color 
(mg = magenta & green; 
rg = red & green) 

ZmRootBFA_LateS_DFrg 
 
ZmRootBFA_LateS_DFmg 

 DAPI & FITC DAPI (DNA) & 
Alexa-488 (EdU) 

DeltaVision 3D source 
file, (.dv) ZmRootBFA_LateS_DF.dv 

 
 
 

http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM2_ESM.mov
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http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM3_ESM.mov
http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM5_ESM.mov
http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM6_ESM.dv
http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM7_ESM.mov
http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM8_ESM.mov
http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM9_ESM.mov
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http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM15_ESM.mov
http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM16_ESM.dv
http://link.springer.com/article/10.1007/s11103-015-0364-4/fulltext.html
http://static-content.springer.com/esm/art%3A10.1007%2Fs11103-015-0364-4/MediaObjects/11103_2015_364_MOESM4_ESM.mov
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Table Notes: 

Three different nuclei (Fig. 4A-C), displayed in various movie formats (see online 

supplemental materials), were from Meiocyte BufferA (MBA) plus formaldehyde-fixed 0-

1 mm section of pulse-labeled maize seedling root tips.  The 3D deconvolution datasets 

were cropped in 3 dimensions around each nucleus.  Exported quicktime movies step 

through the optical Z-sections the nuclei, shown as grey-scaled or pseudo-color as 

listed in the table.  The  image  wavelengths  are  designated  “D”  for  the  DAPI  channel  

images  (DAPI  dye)  showing  total  DNA/chromatin  or  “F”  for  the  FITC channel images 

(Alexa-488 dye) showing locations of EdU incorporation into newly synthesized DNA 

incorporated during the EdU labeling pulse.  Colored sections use either red or magenta 

for the DAPI image, and green for the FITC/A-488 image.  Also included are links to the 

source DeltaVision datasets (.dv files).  Scale bars are 1 micron. 

 




