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Abstract

Given the highly predictable nature of their development, Arabidopsis embryos have been used as a model for studies of morphogenesis in
plants. However, early stage plant embryos are small and contain few cells, making them difficult to observe and analyze. A method is described
here for characterizing pattern formation in plant embryos under a microscope using the model organism Arabidopsis. Following the clearance
of fresh ovules using Hoyer's solution, the cell number in and morphology of embryos could be observed, and their developmental stage could
be determined by differential interference contrast microscopy using a 100X oil immersion lens. In addition, the expression of specific marker
proteins tagged with Green Fluorescent Protein (GFP) was monitored to annotate cell identity specification during embryo patterning by confocal
laser scanning microscopy. Thus, this method can be used to observe pattern formation in wild-type plant embryos at the cellular and molecular
levels, and to characterize the role of specific genes in embryo patterning by comparing pattern formation in embryos from wild-type plants and
embryo-lethal mutants. Therefore, the method can be used to characterize embryogenesis in Arabidopsis.

Video Link

The video component of this article can be found at https://www.jove.com/video/55969/

Introduction

Embryogenesis is the earliest event in higher plant development. A mature embryo forms from a zygote through cell division and differentiation
under strict genetic control1,2. Arabidopsis embryos are a useful model to study the control of morphogenesis because the sequence of cell
divisions during embryogenesis follows an expected pattern3,4. However, an Arabidopsis embryo containing one to several cells is too small
to be observed and analyzed. In addition, the mutation of certain genes can cause embryo lethality5, indicating the key role of those genes
in embryogenesis. The characterization of pattern formation in the embryo-lethal mutants provides a basis for understanding the molecular
mechanism whereby essential genes regulate embryo development.

A detailed method is described here for the characterization of embryo pattern formation in the model plant Arabidopsis by direct microscopic
observation. The method involves ovule clearance followed by the microscopic observation of an embryo. The characterization of an embryo-
lethal mutant is also described.

The morphology of embryos at different developmental stages can be determined directly by microscopy using the ovules that have been cleared
with Hoyer's solution6,7. Such ovules exhibit a high refractive index; thus, this ovule clearing method is especially advantageous for specimens
that must be observed by differential interference contrast (DIC) microscopy.

In addition, the genes that are expressed in a particular cell or a limited number of cells during embryogenesis can be used as markers to identify
the cells in an embryo. Therefore, the cell identity specification during embryogenesis can be annotated by monitoring the expression of GFP-
tagged marker proteins using confocal laser scanning microscopy. Conversely, observing the expression pattern of an unknown functional
gene-GFP fusion during embryogenesis can provide a link between embryo patterning and the expression of that gene, and facilitate the
identification of new genes that are required for embryogenesis in Arabidopsis.

The method described here can also be used to characterize the phenotype of an embryo-lethal mutant, and to determine the impact of the
affected gene on embryogenesis at the cellular level. Furthermore, in combination with a comparison of the expression pattern of marker
genes during embryogenesis between wild-type and mutant plants, the method can yield clues about the molecular mechanisms and signaling
pathways involved in embryogenesis8,9. Indeed, the method was applied to naa10 plants, and it was found that the abnormal division of the
hypophysis in the mutant may be caused by a change in the auxin distribution during embryogenesis5.
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Protocol

NOTE: This protocol has three parts: 1) observing the pattern formation in wild-type Arabidopsis embryos using DIC microscopy; 2)
characterizing the embryo pattern formation via the observation of marker protein expression using confocal laser scanning microscopy; and 3)
determining the role of a specific gene in embryogenesis (using the naa10 mutant as an example).

1. Ovule Clearing

1. Plant material preparation
 

NOTE: The protocol described here is an example on how to grow healthy plants; other ways to grow healthy plants also work.
1. Add 100 seeds to a 1.5 mL tube, and then add 1 mL of 1.5% sodium hypochlorite (mix 15 mL of 10% chlorine with 85 mL of water) to

sterilize the seeds for 5 min. Invert the tube several times to ensure that the seeds and solution are well-mixed to sterilize the surface
seeds completely.

2. Force the seeds to the bottom of the tube by centrifugation for 30 s at 1,200 x g, remove the supernatant, and wash the seeds with
sterile water four times at a bench to remove the residual sodium hypochlorite.

3. Add 4.4 g of Murashige and Skoog (MS) basal salt mixture and 10 g of sucrose to 1 L of ultrapure water. Stir the mixture to dissolve the
salts and sucrose. Adjust the solution to pH 5.8 with 1 M KOH, add 3 g of gelling agent, such as Phytagel, to the MS-sucrose solution,
and sterilize the solution at 121 °C for 15 min to make MS medium.

4. Pour 30 mL of the MS medium into a 12-cm culture dish to generate MS medium plates.
5. Place the sterilized seeds on the MS plate. Transfer the plate to a growth chamber and keep the plate under long-day conditions (22 °C

for 16 h in the light and 18 °C for 8 h in the dark) after seed stratification (3 days at 4 °C in the dark).
6. After 8 days of growth, transfer the plants to soil (mix nutrient-rich soil and vermiculite at a 1:1 ratio) in a tray, cover the tray with a

white, transparent lid for 5 days to avoid water loss, and leave a gap to avoid vitrification of the plants.
7. Take the lid off the tray and cultivate the plants in a walk-in chamber under long-day conditions (see 1.1.5). Switch the light on at 6:00

am and off at 10:00 pm. After about 20 days of growth in the walk-in chamber, the plants will have flowered and produced siliques.
8. Mark the flower buds with a thread at the position of the seed stalks in the inflorescence at 8:00 pm (do not use the first to the third

flower buds; the siliques generated from these flower buds usually develop a few aborted seeds, and this may alter the proportion of
normal to abnormal ovules). Define the beginning of pollination of the ovule as when the marked bud opens to flower at 8:00 am the
next morning.

2. Preparation of Hoyer's solution
1. Add 24 g of chloral hydrate to a 50-mL tube and wrap the tube completely with aluminum foil (solutions of chloral hydrate are not stable

under light).
2. Next, add 9 mL of ultrapure water and 3 mL of glycerol to the above solution and shake the tube to dissolve the chloral hydrate. To

make Hoyer's solution, let the tube stand overnight at room temperature to eliminate any bubbles.

3. Ovule separation and clearance
1. Attach a piece of double-sided adhesive tape to a microscope glass slide. Place a silique grown for the desired number of days after

pollination (DAP) on the slide with the pseudoseptum perpendicular to the surface; this will make it easy to split the carpels (Figures
1A and 1B).

2. Split the carpels on both sides of the pseudoseptum with a syringe needle and attach the two dissected carpels to the slide so that the
ovules in the silique are visible under a stereoscope (Figures 1C and 1D).

3. Dispense 70 µL of Hoyer's solution onto the glass slide, and then moisten the tip of a pair of fine-tipped tweezers with Hoyer's solution
by dipping. Using the stereoscope, move the ovules into the Hoyer's solution on the slide with the tweezers to clean the embryos. Apply
a coverslip to the slide gently to avoid generating any bubbles.

4. Put the finished slide into a box in a dark room for 2 - 12 h (the more mature an ovule is, the more time will be needed) at room
temperature. Embryos at the 2/4-cell stage (1 - 2 DAP) can be observed microscopically after 2 h, while embryos between the octant
and early globular stages (3 DAP) can be observed after 4 h. More mature embryos (4 - 8 DAP) can be observed after 12 h.

5. Examine the cleared ovules using the DIC function of a microscope. Locate the embryos under a low-power field (10X) and then
change to a high-power field (100X oil immersion lens) to observe the cellular pattern in the developed embryos.

6. Examine the embryos at different developmental stages.

2. Characterization of Embryo Patterning and Cell Identity via the Observation of Marker
Protein Expression

1. Preparation of plant materials
1. Clone the promoter and coding sequence of the marker gene or hormone response element and then fuse it with a fluorescent protein

(such as GFP); next, insert the construct into the binary vector (such as pCambia1300). Here, the auxin response element DR5 is
presented as an example10.

2. Introduce the resulting DR5-GFP plasmid into the wild-type plants by Agrobacterium tumefaciens-mediated transformation11. Select
the T1 plants using MS medium plates containing hygromycin (50 mg/mL of mother liquor, diluted 1:1,000). The transgenic plants will
exhibit long roots and generate two rosette leaves after 8 days of growth under the conditions described in 1.1.5.

3. Transfer the transgenic plants to soil and cultivate them as indicated in 1.1.6 and 1.1.7.
4. Collect the T2 seeds from the independent T1 lines. Sow the seeds on MS-hygromycin plates, select the plants carrying one copy of

the DR5-GFP insertion (the ratio of resistant plants to sensitive plants will be roughly 3:1), and transfer them to soil.
5. Cultivate the T2 plants as indicated in 1.1.6 and 1.1.7.
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6. Collect the T3 seeds from the T2 plants. Sow the seeds on MS-hygromycin plates, select the homozygous transgenic plants (all of the
plants from a single line will exhibit hygromycin resistance), and transfer them to soil.

7. Mark the flower buds of the homozygous T3 plants as indicated in 1.1.8.

2. GFP signal observation
1. Mix 3 mL of glycerol with 47 mL of ultrapure water to generate a 6% glycerol solution.
2. Attach a piece of double-sided adhesive tape to a glass microscope slide and fix a silique as indicated in 1.3.1.
3. Split the carpels on both sides of the pseudoseptum with a syringe needle and attach the two dissected carpels to the slide under a

stereoscope as indicated in 1.3.2.
4. Dispense 30 µL of 6% glycerol onto the glass slide and place all of the ovules from the dissected carpels into the solution using fine-

tipped tweezers. Place a coverslip on the slide gently.
5. As the seed coat and endosperm in each ovule can prevent the observation of GFP signals in the embryo, extract the embryo from

the ovule. Tap the slide quickly and gently to extrude the embryo from the ovule (the more mature an ovule is, the less force should be
applied to the slide).

6. Examine the slide for GFP fluorescence using confocal laser scanning microscopy. Find the isolated embryos under a low-power field
(10X) and record their location, then change to a high-power field (100X oil immersion lens) to observe DR5-GFP expression in the
embryos by setting the excitation light source to 488 nm for detection of the GFP signal.

7. Detect the GFP expression in the embryos to select the suitable T3 line for further analysis.

3. Characterization of Embryo Pattern Formation in an Embryo-lethal Mutant via Ovule
Clearance and Marker Protein Observation:  Naa10 as an Example

1. Embryo patterning in naa10 mutant plants
1. Prepare the plant materials as indicated in 1.1.1-1.1.7.
2. Identify the naa10+/− plants by PCR using gene-specific primers5, and then mark the flower buds of the naa10+/− plants as indicated in

1.1.8.
3. Perform ovule clearance and the microscopic examination of naa10+/− embryos as indicated in 1.2 and 1.3.

2. Marker protein analysis using naa10 embryos
1. Obtain suitable DR5-GFP transgenic lines using the procedure outlined in 2.1 - 2.2.
2. Cross a homozygous DR5-GFP transgenic line with an naa10+/− plant to obtain naa10+/− plants that are homozygous for the GFP

fluorescence marker at the F2 generation (identified by gene-specific PCR) to characterize naa10+/−5 and observe the GFP signal
under a microscope using a homozygous DR5-GFP line.

3. Mark the flower buds of naa10+/− plants that are homozygous for DR5-GFP as indicated in 2.1.7.
4. Search for the GFP signal in naa10 embryos that are homozygous for DR5-GFP as indicated in 2.2.

Representative Results

The method described in this paper can be used to observe embryogenesis directly under a microscope, annotate the cell identity specification
during embryogenesis with specific markers, and characterize the role of a particular gene during embryogenesis.

Representative results from the analysis of embryo patterning (from the elongated zygote stage to the mature walking-stick stage) in the wild-
type Arabidopsis are shown in Figure 2. After ovule clearance, the embryos at different developmental stages could be distinguished by DIC
microscopy (Figure 2). The expression pattern of DR5-GFP was recorded during embryogenesis under confocal laser scanning microscopy
(Figure 3) to determine the distribution of auxin in the embryo and examine the potential role of auxin during embryogenesis in Arabidopsis.

This protocol can also be used to characterize the roles of specific genes during embryogenesis. Here, the role of Naa10 during embryogenesis
in Arabidopsis was examined as an example. Abnormal division of the hypophysis was observed (askew and vertical division of the hypophysis
in Naa10 compared with transverse asymmetric division of the hypophysis in wild-type plants, Figure 4). The distribution of auxin at the globular
stage was nearly uniform in most Naa10 embryos and retained a broader signal in the hypophysis, as compared to the wild type embryos
(Figure 5). These results indicate that Naa10 is required for embryogenesis, and that it may be involved in embryogenesis via the auxin
signaling pathway in Arabidopsis.
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Figure 1: Schematic Diagram for the Dissection of Arabidopsis Silique. (A) The silique attached on the glass slide was pasted with a piece
of double-sided adhesive tape. (B) The enlarged image of the box in A. The two imaginary lines represented the location to be split. (C) The
enlarged image of the split silique in the box in D. (D) The image of the split silique.  Please click here to view a larger version of this figure.

 

Figure 2: Examination of Embryogenesis in Wild-type (Col-0) Arabidopsis by DIC Microscopy. (A) Elongated zygote. (B) A 1-cell stage
embryo at 1 DAP. (C) A 2/4-cell stage embryo at 2 DAP. (D) An octant stage embryo at 3 DAP. (E) A dermatogen stage embryo at 3 DAP. (F) An
early globular stage embryo at 4 DAP. (G) A late globular stage embryo at 5 DAP. (H) A heart stage embryo at 6 DAP. (I) A torpedo stage embryo
at 7 DAP. (J) A walking-stick stage embryo at 8 DAP. Scale bars = 10 µm.  Please click here to view a larger version of this figure.
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Figure 3: The Expression Pattern of DR5 in Wild-type (Col-0) Arabidopsis Embryos. (a-d) GFP signals. (A-D) Merged images with bright
field images. DR5 was expressed in the root pole of the wild-type globular stage (a and A, 4 DAP) and heart stage (b and B, 6 DAP) embryos.
DR5 was also expressed in the embryonic cotyledon tips (c and C, 7 DAP) and in the vasculature of mature wild-type embryos (d and D, 8 DAP).
Scale bars = 50 µm.  Please click here to view a larger version of this figure.

 

Figure 4: Characterization of the Role of Naa10 during Embryogenesis in Arabidopsis. Normal division of the hypophysis in a wild-type
plant (A). Abnormal division of the hypophysis in Naa10 mutant plants is marked with a white line in (B) (askew division of the hypophysis) and
(C) (vertical division of the hypophysis). Scale bars = 10 µm. Please click here to view a larger version of this figure.
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Figure 5: The DR5 Expression Pattern in Globular Stage wild-type (Col-0) Arabidopsis and Naa10 Embryos. (a and b) GFP signals. (A
and B) Merged images with bright field images. DR5 was expressed in the root pole of a wild-type globular stage embryo (a and A). DR5 was
nearly uniformly expressed in a globular stage Naa10 embryo and retained the broader signal in hypophysis as compared to the wild type (b and
B). Scale bars = 50 µm.  Please click here to view a larger version of this figure.

Discussion

Ovule clearance is a useful method for detecting cell division and assessing morphology during embryogenesis in Arabidopsis; using this
technique, embryos can be observed directly under DIC microscopy5,12. The critical step for ovule clearance is step 1.3.4. The time required for
ovule clearance in step 1.3.4 is variable. Embryos at the 2/4-cell stage can be clearly observed after 2 h in the Hoyer's solution, whereas they
look indistinct after 12 h. Thus, the more mature an ovule is, the longer the time required for clearance.

In step 2.2.5, to isolate an embryo from an ovule, the amount of force applied to the slide is critical. Embryos can be crushed if too much force
is applied; however, an embryo cannot be extruded from the ovule if too little force is used. In our experience, the more mature an ovule is, the
less force is needed. Torpedo stage and mature embryos can be isolated directly by peeling open an ovule using a syringe needle. As some of
suspensor cells might be destroyed in the isolated embryo during the isolation process, the fluorescence signal from the suspensor might be lost
or incomplete. Another limitation of this method is that the embryos before the 4-cell stage were difficult to find from the extruded embryos as
they are too small and shielded by ovule fragment.

The developmental stage and morphology of an embryo can be affected by the mutation of certain genes; such effects can be demonstrated by
microscopy following ovule clearance. This approach will aid in the understanding of the molecular mechanism by which specific genes mediate
embryogenesis5. Observing the expression pattern of an unknown functional gene-GFP fusion during embryogenesis can provide a link between
the embryo patterning and the expression of that gene, and facilitate the identification of new genes that are required for embryogenesis in
Arabidopsis13. Thus, the protocol described here provides a basic method for the characterization of embryogenesis in Arabidopsis.
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