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Orchid seeds are ‘dust-like/ The seed coat is usually thin, with only one to a few cell layers. It originates from the integ-
uments formed during ovule development. In orchids, the outer integument is primarily responsible for forming

a mature seed coat. The inner integument usually fails to develop after fertilization, becomes compressed, and col-
lapses over the expanding embryo. Hence, the seed coat is formed from the funiculus, chalaza, and outer integu-
mentary cells. The outermost layer of the seed coat, the testa, is lignified, usually at the radial and inner tangential
walls. The subepidermal thin-walled layer(s), the tegmen, subsequently cold, resulting in seeds having only a single
layer of seed coat cells. In some species, cells of the inner integument remain alive with the ability to synthesize

and accumulate lipidic and or phenolic compounds in their walls covering the embryo. This cover is called the ‘cara-
pace, a protective shield contributing to the embryo’s added protection. A developmental and functional perspective
of the integuments and seed coat during seed development and germination is presented in this review.

Keywords Inner and outer integument, Unitegmic integument, Bitegmic integument, Seed coat, Carapace, Embryo,

Background

In seed plants, the embryo is protected by a seed coat
originating from the integument(s) formed during
ovule development. The importance of the seed coat
in seed development and germination is well recog-
nized and a subject of reviews (Mohamed-Yasseen et al.
1994; Boesewinkel and Bouman 1995; Moise et al. 2005;
Radchuk and Bonisjuk 2014; Matilla 2019). Since the
seed coat completely encloses the embryo, the essen-
tial functions are to supply nutrients to the developing
embryo and offer physical protection during embryo
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development and germination. In past decades, as the
published literature shows, additional information on
seed coat formation and function has been elaborated,
e.g., as in Brassicaceae species (Raviv et al. 2017) and
tomato (Chaban et al. 2022), indicating the uniqueness
and importance of the seed coat. The evolution and
molecular control of seed coat development have also
been summarized recently by Matilla (2019).

Orchid seeds are 'dust-like! The seed coat is usually
thin. The inner seed coat, the tegmen, tends to collapse
as the seed matures, leaving an outer layer, the testa, with
distinct surface features. Comprehensive information on
orchid seed morphology and seed coat structure is avail-
able, i.e., Dressler (1993), Rasmussen (1995), and Molvray
and Chase (1999). Arditti and Ghani (2000) detailed the
numerical and physical characteristics of orchid seeds
in an extensive review. Barthlott et al. (2014) provided
a scanning electron microscopy survey of orchid seed
diversity, illustrating the seed coat’s surface features and
morphology.
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In the study of orchid seeds, most investigations focus
on surface features relating seed morphology to seed
dispersal and biosystematics discussion, e.g., Molvray
and Kores (1995), Gamarra et al. (2007), Hariyanto et al.
(2020), and Aprilianti et al. (2021). Collier et al. (2023)
recently reported differences in seed morphometrics of
orchids native to North America and Hawaii. Their goal
is "a better understanding of seed morphometrics, and
especially the structure and function of the testa may be
useful in developing more effective protocols aimed at
in vitro seed germination." Moreover, detailed ontoge-
netic accounts of seed coat formation in orchids are
not readily available in the literature. Furthermore, its
potential functions during embryo development are sel-
dom discussed. Recently, Yeung (2022) reported that the
inner integument in Epidendrum ibaguense takes on an
active cytological appearance with wall ingrowths at fer-
tilization and proembryo development. This observation
draws attention to the integuments in seed formation and
warrants further investigation.

The primary objective of this review is to illustrate the
structural features and different patterns of seed coat for-
mation in selected orchid species, as shown in Figs. 1, 2,
3,4, 5, 6,7, 8 and to discuss seed coat functions during
seed development and germination. Questions and sug-
gestions are included in the discussion, hoping to gen-
erate more interest and debate in studying the orchid
seed coat. Embryo development in orchids is unusual,
and many questions remain, especially on regulating its
development (Yeung 2022). Understanding the orchid
seed coat can provide additional insights into the embryo
and seed development.

Integument formation during orchid ovule
development

The integuments become the seed coat after fertilization.
In most orchid species, integuments form during mega-
sporogenesis (Yeung and Law 1997). The inner integu-
ment usually initiates earlier than the outer integument.
The bitegmic condition of ovules, i.e., having two integu-
ments, is most common in orchids. Moreover, variations
in integument formation and structural organization are
noted. Orchid ovules having a single integument are also
known, e.g., Epipogium aphyllum (Kusano 1915; Afze-
lius 1954), Gastrodia elata (Abe 1976; Li et al. 2016), and
Paphiopedilum godefroyae (Ren and Wang 1987). The
single integument is highly reduced in size in Epipogium
roseum (Arekal and Karanth 1981), and it does not cover
the nucellus of a mature embryo sac and lacks a distinct
micropyle (Additional file 1). And recently, a species,
Pogoniopsis schenckii, with ategmic ovules, have been
reported (Alves et al. 2019); only the nucellus encloses
the embryo sac and subsequently becomes the seed coat.
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Fig. 1 HYPERLINK "sps:id:fig1]|locator:gr1||MediaObject:0"The

ovule and seed development of Epidendrum ibaguense. A The
archesporial cell enlarges and differentiates into the megasporocyte
and is enveloped by a single layer of nucellar cells (arrowhead). At

the same time, both the inner (*) and outer (arrow) integuments

have developed. Scale bar=20 pm. B A mature embryo sac
(arrowhead) showing the egg apparatus. The inner integument (¥)

is well developed at the micropylar end, forming the micropyle.

The outer integument has extended beyond the inner integument

as the ovule matures. Scale bar=50 um. C After fertilization, the zygote
(arrowhead) has a dense cytoplasm with a prominent nucleus

and some starch deposits (small red dots). The inner integumentary
cells (*) at the micropylar end become densely cytoplasmic; each

cell has a distinct nucleus. The walls of the inner integumentary cell
thicken, and wall ingrowths are present. Scale bar=20 um. D A lower
magnification micrograph giving a general overview of the contrasting
staining intensity between the inner and outer integuments. The
fertilized ovule and the inner integument have a stronger staining
intensity compared to the vacuolated outer integumentary cells.
Scale bar=150 um. E A narrow funiculus connects the developing
seed to the maternal placental tissue. Mitotic activity (arrowhead)

can be discerned at the time of fertilization. Scale bar=40 um. F As
the proembryo increases in size and the suspensor begins to protrude
beyond the opening of the inner seed coat, the cells of the inner seed
coat (arrowhead) gradually become compressed. Scale bar=50 um.

G The embryo continues to increase in size. As a result, the inner seed
coat is crushed, and only remnants (arrowhead) remain adhering

to the embryo proper. Scale bar=50 um. H Light micrograph showing
a portion of the suspensor (arrowhead) pressing against the walls

of the seed coat cells. The inner layers of the seed coat stain purple
with the TBO stain, indicating the absence of phenolic compounds

in the walls. Scale bar=10 um. I Fewer mitotic divisions in the inner
chalazal cells result in creating a cavity (*) during seed development.
Scale bar=60 um. J Light micrograph showing a TBO-stained section
of a mature seed coat (arrowhead). Judging from the staining reaction,
there is a preferential deposition of lignin in the seed coat’s inner
periclinal and radial walls. Scale bar=50 um
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Fig. 2 The ovule and seed development of Phaius tankervilliae.
A Light micrograph of a megasporocyte. Both integuments
(arrowhead) have just been initiated and become visible. Scale
bar=40 um. B Light micrograph of a mature embryo sac. The
inner integument has enclosed the embryo sac and results
in the formation of a micropyle (arrowhead). The cells of the outer
integument (*) have extended beyond the micropyle. Scale
bar=80 um. C At fertilization, the pollen tube has penetrated
the embryo sac through the micropyle (arrowhead). The cells
of the outer integument (*) elongate further and become highly
vacuolated. Scale bar=80 pm. D The developing seed attaches
to the placenta through the funiculus (arrowhead). The cells
of the funiculus at the junction are small in size and will elongate
as the seed develops. Scale bar=50 um. E Light micrograph
showing a proembryo and a degenerated endosperm nucleus
next to the zygote. At this stage, the inner seed coat (arrowhead)
is collapsing. Scale bar=60 um. F A longitudinal section showing
the embryo at the globular stage with an elongated suspensor (S).
Scale bar=80 um. G The suspensor cell (S) elongates and tightly

presses against the cell lining of the seed coat. Secondary walls begin

to form in the outermost seed coat layer (*), while cells of the inner
layer (arrowhead) remain cytoplasmic with a prominent nucleus

(arrowhead). Scale bar=25 um. H A cross-section showing a globular

embryo enclosed by the seed coat. The seed coat is composed
of two cell layers. Lignin has deposited in the inner tangential
and anticlinal walls of the outer cell layer (¥). The inner layer will
subsequently collapse and fuse with the outer cell layer. Scale

bar=100 um. I At maturity, the seed coat (*) comprises a single layer

of cells with lignified inner tangential and radial walls. Remnants

of the collapsed wall from the inner integument (arrowhead) can be

found outside the embryo. Scale bar=80 pm
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Fig. 3 The ovule and seed development of Vanilla planifolia. A The
archesporial cell enlarges and differentiates into the megasporocyte
(*). At the same time, the inner integument (arrowhead)

has become visible. Scale bar=30 um. B Light micrograph showing
an expanding four-nucleate embryo sac by vacuolation. The inner
integument (arrowhead) has completely enclosed the embryo sac,
and the multilayered outer integument (arrows) is expanding. Scale
bar=30 pm. (C) A mature embryo sac showing the egg apparatus
(*), including the egg cell and two synergids. The outer integument
(arrow) continues to elongate; moreover, it has not enclosed the inner
integument (arrowhead). Scale bar=30 pm. D After fertilization,

the zygote (*) has a dense cytoplasm, and the degenerated antipodal
cells (double arrowhead) at the chalazal end are also densely stained.
At this stage, the cytoplasm of the inner seed coat (arrowhead)
remains densely stained, and the walls of the outermost layer

of the outer seed coat (arrow) become thickened. Scale bar=30 pm.
E Light micrograph showing a cross-section of a fertilized ovule
showing the distinct layers of the inner seed coat (arrowhead)

and outer seed coat (arrow). Scale bar=30 um. F Light micrograph
showing a three-celled proembryo (¥), and the developing seed
attaches to the placenta through the funiculus (double arrowhead).
The inner seed coat (arrowhead); The outer seed coat (arrow). Scale
bar=30 pum. G Light micrograph showing an early globular embryo
without a distinct suspensor during embryo development. At this
stage, the inner seed coat (arrowhead) gradually compresses. The
outer seed coat (arrow). Scale bar=30 um. H Light micrograph
showing a globular embryo. At this stage, the inner seed coat
(arrowhead) has shriveled, and the outermost layer of the outer seed
coat (arrow) has become lignified. Scale bar=30 pum. I At maturity,
numerous tiny protein bodies are found within the embryo proper
cells. In this preparation, the lipid bodies are not preserved; storage
lipid bodies occupy the spaces between the protein bodies. The
inner seed coat (arrowhead) has compressed into a thin layer,

and the outermost layer of the outer seed coat (arrow) has lignified
and been filled with dark material. Scale bar=30 um
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Fig.4 The ovule and seed development of Gastrodia nantoensis.
A The archesporial cell is differentiating into a megasporocyte. Cell
division (arrow) near the ovule’s chalazal end signifies the integument
tissue’s initiation. Scale bar=20 um. B The second meiotic division
results in the formation of two megaspores of unequal size. At

the same time, the initiation of integument tissue is becoming visible
(arrow). Scale bar=20 um. C A longitudinal section through a mature
embryo sac showing the egg apparatus (¥). The integument tissue
(arrow) has completely enclosed the embryo sac at this stage.

Starch grains (arrowhead) start to accumulate in the integument
tissue. Scale bar=20 pum. D At the time of fertilization, the pollen
tube (arrowhead) penetrates the embryo sac, and the integument
tissue elongates further and becomes the seed coat (arrow).

Scale bar=20 pm. E Light micrograph showing a proembryo

with a suspensor cell (S). Scale bar=20 um. F A longitudinal section
through a developing globular embryo. At this stage, the nucellus
(arrowhead) gradually compresses, and large starch grains (double
arrowheads) are abundant in the cells of the embryo proper

and the seed coat. The suspensor cell (S). Scale bar=20 um. G As

the seed approaches maturity, starch grains (double arrowhead)

are prominent within the embryo cells, and the suspensor cell

(S) has reduced its size and begins to degenerate. At this stage,

the nucellus (arrowhead) has compressed and degenerated.

Scale bar=20 um. H At maturity, the embryo has smaller cells

near the chalazal end and larger cells in the micropylar end. The
suspensor has degenerated at this stage, and the embryo proper

is enveloped by a shriveled seed coat (arrow). Scale bar=20 um. I Nile
red staining fluorescence micrograph of a mature seed at the same
stage as that seen in Fig. 41. The seed coat (arrow) and the surface wall
(arrowhead) of the embryo proper react positively to the stain. Scale
bar=20 um
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Fig. 5 The seed coat development of Cypripedium formosanum.
AThe archesporial cell (*) differentiates into a megasporocyte.

Cell division (arrowhead) near the ovule’s chalazal end signifies

the inner integument’s initiation. Scale bar=20 um. B Light
micrograph showing the first meiotic division at the metaphase

(*). At this stage, the inner integument (arrowhead) is expanding

but has not enclosed the megasporocyte completely, and the outer
integument has initiated (arrow). Scale bar=40 um. C The second
meiotic division forms a two-nucleate embryo sac (¥). At this stage,
the inner integument (arrowhead) has enclosed the developing
embryo sac completely, and the outer integument is still growing
(arrow). Scale bar=40 um. D Light micrograph of a zygote (*) just
after fertilization. The zygote is polarized with a chalazal-located
nucleus and a prominent vacuole occupying the micropylar

end. The embryo sac and the inner seed coat (arrowhead) have
enlarged and elongated at this stage. In contrast, the expanding
outer seed coat (arrow) has not enveloped the entire embryo sac.
Scale bar=30 um. E Light micrograph of a two-celled embryo

(*), and the cell division is unequal as judged from the location

of the newly formed cell plate. The outer seed coat (arrow) envelopes
the embryo sac at this stage. Scale bar=30 um. F Light micrograph
of an early globular embryo. This species has a single-celled
suspensor (S) that does not protrude from the embryo sac
throughout embryo development. Scale bar=30 um. G Light
micrograph showing a maturing globular embryo. At this stage,
storage products, such as protein bodies, accumulate within the cells
of the embryo proper. The cells of the inner seed coat (arrowhead)
begin to shrivel, and the out layer of the outer seed coat (arrow)

has compressed. Scale bar=40 um. H At maturity, the embryo proper
is enveloped by the shriveled inner seed coat (arrowhead) and outer
seed coat (arrow). Scale bar=40 um. I Light micrograph showing

a longitudinal section through the inner seed coat (carapace;
arrowhead) and outer seed coat (arrow) with the embryo proper
removed. Scale bar=40 um
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Fig. 6 The formation of carapace in Cypripedium formosanum seeds. A Light micrograph showing a cross-section through a developing seed

at the globular stage. The embryo is enclosed by the inner seed coat (arrowhead) from the inner integument. The tangential and radial walls

of the outer seed coat (arrow) have thickened. Scale bar=30 pum. B Light micrograph showing the fluorescence pattern of a cross-section

through a developing seed at the stage similar to A after the Nile red staining. The surface wall of the embryo proper possesses fluorescent signals
(double arrowheads). In addition, the tangential and radial walls of the outer seed coat (arrow) and the inner and outer surface walls of the inner
seed coat (arrowheads) fluoresce brightly. Scale bar=30 pm. C Electron micrograph showing the adjoining region of the embryo proper cell

and the cell of the inner seed coat at the globular stage. Osmiophilic lipid bodies (OL) have accumulated within the embryo proper cell (EP),

and a distinct osmiophilic layer (arrowhead) is present in the inner surface wall of the inner seed coat (IS). N, nucleus. Scale bar=2 um

Fig. 7 The formation of carapace in Cypripedium plectrochilum
seeds. A At the proembryo stage, the cell wall of the inner seed coat
(arrowhead) has become thickened, and the cytoplasm of the inner
seed coat is filled with dark materials. The cell wall of the outer

seed coat (arrow) remains thin-walled without lignification,

as judged by the purple color of the TBO stain. Scale bar=30 um.

B Light micrograph showing maturing globular embryo. At this
stage, the cells of the inner seed coat begin to shrivel, resulting

in the formation of a black and thickened carapace. At the same
time, the outer seed coat is still alive with starch deposits

within the cytoplasm. Scale bar=30 um. C In the mature seeds of C.
plectrochilum, the embryo is enclosed by a black and thickened
inner seed coat, i.e, carapace (arrowhead), and then enveloped

by the thin-walled outer seed coat (arrow). Scale bar=200 um

Abe (1972) considered species with unitegmic ovules to
be more advanced from an evolutionary perspective.

Integument formation in orchids with bitegmic ovules
Epidendrum ibaguense—a tropical epiphyte orchid

In E. ibaguense, the integuments initiate during the
archesporial cell formation (Yeung and Law 1989;
Yeung 2022). Surface nucellar cells begin to divide near
the archesporial cell of the ovular primordia. The inner
integument develops rapidly, enclosing the megasporo-
cyte (Fig. 1A). It is two cells thick. Moreover, the integ-
umentary cells at the micropylar end of the ovule have

additional divisions, forming a prominent micropyle
(Fig. 1B-D). The inner integumentary cells increase in
cytoplasmic density, especially during fertilization and
proembryo development (see Fig. 1C in Yeung 2022).

The outer integument initiates later than the inner
integument and develops near the chalaza. Periclinal
walls in the nucellar epidermis mark its initiation (Yeung
and Law 1989). When the mature embryo sac forms, the
outer integument has overtaken the inner integument.
It is a bilayer structure and continues to elongate and
extends toward the funiculus (Fig. 1D).

The E. ibaguense ovule takes on an anatropous orienta-
tion, with the micropyle facing the placental tissue. The
funiculus connecting the ovule to the placenta is nar-
row and approximately four cells thick. At the funiculus-
placenta junction, cells are small and mitotic figures are
visible (Fig. 1E). After fertilization, cells at the junction
elongate to accommodate seed elongation. By the time of
fertilization, the single-layered nucellar tissue is crushed
by the expanding embryo sac and is difficult to discern.

Phaius tankervilliae—a subtropical terrestrial orchid

P tankervilliae (Fig. 2), commonly known as "the Nun
orchid"—a subtropical terrestrial orchid, its integument
formation resembles E. ibaguense with the initiation of
the inner integument at the time of megasporocyte for-
mation (Fig. 2A). This is soon followed by the appearance
of the outer integument. The inner integument consists
of a single cell layer except at the micropylar end, where
it becomes a bilayer (Fig. 2B, C). The outer integu-
ment extends beyond the inner integument as the ovule
matures (Fig. 2B). As in E. ibaguense, the cells of the
inner integument at the micropyle enlarge with increased
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Fig. 8 The seed coat development of Vanilla planifolia. A The seed coat consists of an inner seed coat (IS, two cells thick) and an outer seed coat
(OS, three to four cells thick). At the time of fertilization, the cell wall of the outermost layer of the outer seed coat remained primary in nature.

Scale bar=20 um. B In the globular embryo stage, the cell wall of the outermost layer of the outer seed coat (OS) thickens, and the inner seed

coat (IS) becomes dehydrated and compressed. Scale bar=20 pm. C As the seed matures, the thickened outermost layer of the outer seed coat

and the inner layers gradually dehydrate and compress. The inner seed coat (IS) has compressed into a thin layer at this stage. Scale bar=20 um. D
At maturity, both the thin inner seed coat (IS) and the thickened outer seed coat (OS) compress and envelop the embryo E tightly. Scale bar=20 um

cytoplasmic density at the time of fertilization (Fig. 2C).
The nucellar tissue surrounding the mature embryo sac is
compressed and becomes difficult to discern. The funicu-
lar cells connecting the placental tissues remain small
at fertilization and will elongate to accommodate seed
growth after fertilization (Fig. 2D).

Calypso bulbosa—a temperate terrestrial orchid

In C. bulbosa, a temperate terrestrial orchid, the inner
integument initiates near the archesporial cells during
ovule development (for micrographs, see Law and Yeung
1989; Yeung and Law 1992). It develops rapidly until it
completely encloses the tip of the nucellus containing
the developing megaspores. The outer integument grows
slowly and does not extend beyond the inner integument
before fertilization. Thus, the micropyle is formed from
the inner integument. Elongation of the outer integu-
ment takes place after fertilization. In C. bulbosa, starch
granules are present in the outer integument and cells of
the chalazal tissues, especially after fertilization. Similar
to E. ibaguense, the cells of the inner integument increase
in cytoplasmic density during fertilization and proem-
bryo development (Yeung and Law 1992).

Vanilla species as examples of bitegmic ovules

with multicell-layered integuments

Vanilla, a tropical orchid genus, is known for having a
thick and hard seed coat. The seedling growth is initially
terrestrial. As the vine continues to grow and climbs up
trees, the orchid becomes epiphytic. Because of its eco-
nomic importance, information about its reproductive
biology is readily available in the literature, e.g., Swamy
(1947), Nishimura and Yukawa (2010), Kodahl et al.
(2015), and Yeh et al. (2021). The thick seed coat origi-
nates from multilayered integuments of the ovule before
fertilization. In V. planifolia, the inner integument dif-
ferentiates during archesporial cell formation and is

composed of two to three cell layers (Fig. 3A). It envel-
ops the developing ovule before the completion of mega-
sporogenesis. The outer integument appears when the
megasporocyte undergoes meiotic divisions. It comprises
three to four cell layers with additional layers at the cha-
lazal end (Swamy 1947) (Fig. 3B). In V. imperialis (Kodahl
et al. 2015), integument formation is similar to V. plani-
folia, except for differences in the timing of integument
initiation and nucellar cell degeneration.

Unlike the inner integument, the multilayer outer
integument grows slowly and does not envelop the inner
integument before fertilization (Fig. 3C). Moreover, at
fertilization, the outer integument grows rapidly and
completely encloses the embryo sac and the inner integu-
ment (Fig. 3D). Notably, the cells of the outermost layer
of the outer seed coat enlarge rapidly during fertilization;
the outer tangential and radial walls become thickened
considerably (Fig. 3D). The thickened wall stained pink-
ish-red with the toluidine blue O (TBO) stain indicates
the thickened wall remains primary in character.

Gastrodia and Epipogium species as examples of orchids
with unitegmic ovules

Some mycoheterotrophic orchids, such as Gastrodia and
Epipogium, have ovules with a single integument, termed
the unitegmic ovule (Tohda 1967; Abe 1976; Arekal and
Karanth 1981; Li et al. 2016). In Gastrodia species, i.e.,
G. elata and G. nantoensis, a single layer of nucellar cells
encloses the developing megaspores and, subsequently,
the embryo sac (Li et al. 2016). A single integument ini-
tiates during megaspore formation (Fig. 4A, B). As the
ovule matures, the integumentary cells elongate rapidly,
eventually enclosing the embryo sac, leaving a micropyle
opening (Fig. 4C). Prominent starch granules are present
in the integumentary and chalaza tissues during ovule
development (Fig. 4C). Similar to G. nantoensis, the sin-
gle integument of E. roseum has not covered the nucellus
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of a mature embryo sac at the time of fertilization (Addi-
tional file 1). The integument tissue encloses the fertilized
embryo sac after the first cell division of the zygote and
becomes the seed coat. Although the unitegmic ovule has
simpler integument structures, the pollen tube’s guidance
and the synergids’ penetration still occur normally in the
absence of a distinct micropyle (Fig. 4D).

The roles of the integuments

The integuments formed during ovule formation are
programmed to become the seed coat after fertilization.
Moreover, judging from its developmental patterns and
cytological features, the inner integument appears to take
on functional roles during the ovule and early embryo
development. Whereas the outer integument functions in
seed coat formation after fertilization. The fact that outer
integument is not necessarily developed at fertilization,
as shown in Cremastra appendiculata (Abe 1968) and
Calypso bulbosa (Law and Yeung 1989), and it does not
take part in micropyle formation such as Bletilla striata
(Abe 1971), indicates that it is programmed to function
in seed coat formation after fertilization.

Although there are indications that the inner integu-
ment possesses unique biochemical properties, its
importance in development tends to be overlooked. A
high peroxidase activity has been localized histochemi-
cally in the inner integument of Eucyclia tampensis
(Alvarez 1968) and the micropylar region of the integu-
ment in Cypripedium (Zinger and Poddubnaya-Arnoldi
1966). A marked activity of dehydrogenases has also been
detected in the ovules’ integument in several orchids
(Zinger and Poddubnaya-Arnoldi 1966). These earlier
studies indicate that the inner integument has unusual
biochemical characteristics. The increased staining of
inner integumentary cells at fertilization in E. ibaguense
(see Fig. 1c in Yeung 2022) draws attention to the spe-
cial cytological features. When re-examining reports on
orchid ovule development, increased staining intensity in
the inner integument is often noted, e.g., Oncidium flex-
uosum (see Figs. 24—29 in Mayer et al. 2011), Acianthera
johannensis (see Fig. 5 in Duarte et al. 2019) and Dend-
robium nobile (see Figs. 4 e and f in Kolomeitseva et al.
2021). The inner integument of Calypso bulbosa shows
a higher staining intensity until the suspensor begins to
extend beyond it (see Figures in Yeung and Law 1992). In
Liparis parviflora (see Fig. 1 in Kolomeitseva et al. 2019),
the inner integument gives a strong autofluorescence at
fertilization. Although the exact function is unknown,
the biochemical and cytological features indicate that the
integument can play an important role during fertiliza-
tion and proembryo development. As discussed by Yeung
(2022), since an endosperm fails to form, could the inner
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integument function as an "endosperm substitute” in
orchid seeds during early embryo development?

It is well established that auxin is a crucial player in
embryogenesis. Recently, Robert et al. (2018) demon-
strated that the integuments are the source of auxin,
regulating embryo morphogenesis in Arabidopsis. In
the asexual race of Spiranthes cernua, cells of the inner
integument, especially those at the tip of the micropyle,
become highly cytoplasmic and develop into adventive
embryos (Swamy 1948). In the Zeuxine strateumatica
complex, adventive embryos can arise from the nucellar
epidermis or inner integument (Vij et al. 1982). Judging
from increased staining intensity and metabolic activities
of the inner integument, plant growth substances could
be one type of product produced, generating added mor-
phogenetic potential.

The funiculus is thin, with no vascular elements con-
necting the developing ovules and seeds to the placenta
(Figs. 1F, 2D, and 3F). In an ovule, nutrients are trans-
ported in a symplastic manner through plasmodes-
mata from the chalaza to the embryo sac. Although the
translocation path is shorter from the hypostase/pos-
tament to the embryo sac, a longer route is preferred. In
Vanilla, the fluorescent marker uranin is transported to
the micropylar end along the inner integument before the
appearance of fluorescence in the egg apparatus (Zhang
and Zheng 1988). Together with the cytological features
of the cells, the inner integument could have enhanced
nutrient transfer ability, especially at the micropylar end,
where the proembryo develops after fertilization.

The micropyle is a unique and common feature of an
ovule; it serves as the entry point for the pollen tube dur-
ing fertilization. In flowering plants, the micropyle is
organized by the contribution of both integuments. Even
though the orchid ovules are usually bitegmic, the micro-
pyle is often organized by the inner integument alone.
This feature is noted in a majority of orchids, as reported
in Amitostigma kinishitae (Abe 1977), Herminium mon-
orchis (Fredrikson 1990), Microstylis wallichii (Sood and
Rao 1986), and Neuwiedia veratrifolia (Gurudeva 2019).
Histologically, the inner integument becomes multilay-
ered, forming a prominent extension at the micropyle.
The cells have a dense cytoplasm. With the numerous
ovules present, can the micropylar integumentary cells
play a role in attracting the pollen tubes to the ovules and
aid in the fertilization process?

In the study of orchid ovule development, although
descriptive accounts of integument formation are availa-
ble, the potential functions of the integuments are seldom
discussed. We hope to draw attention to the importance
of the integuments in ovule and proembryo development
and encourage more focused studies of this tissue in the
future.
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Seed coat development and structural features
After fertilization, the integuments develop into the seed
coat. The nucellus disintegrates at the time of embryo sac
maturation or soon after. The inner integument usually
fails to develop further, becomes compressed, and col-
lapses over the expanding embryo. Hence, the seed coat
is derived mainly from the funiculus, chalaza, and outer
integumentary cells in a mature orchid seed.

Cells of the outermost layer of the seed coat are lig-
nified, usually at the radial walls and the inner tan-
gential walls. The subepidermal thin-walled layer(s)
subsequently collapsed, resulting in seeds having a sin-
gle layer of seed coat cells. Moreover, in some terrestrial
species such as Dactylorhiza majalis (Rasmussen 1995),
Epipactis (Additional file 2), Cypripedium formosanum
(Figs. 5 and 6) (Lee et al. 2005), and Cypripedium plec-
trochilum (Fig. 7), the inner integument remains alive
with the ability to synthesize and accumulate lipidic and
phenolic compounds before the cells collapse over the
embryo. This additional covering is termed the ‘carapace,
a protective shield (Veyret 1969; Rasmussen 1995), con-
tributing to the added embryo protection. The following
examples document the development of seed coats with
different structural organizations.

Orchid seeds with a single layer of seed coat cells

at maturity and without a carapace

In E. ibaguense, the fertilized ovules undergo rapid
enlargement and elongation along the length of the
funiculus-chalaza. The inner integumentary tissue is rup-
tured and destroyed with the rapid growth of the embryo
proper (Fig. 1F, G). As a result, the cells of the inner
integument appear as remnants adhering to the embryo
proper, within the seed cavity. Hence, the mature seed
coat forms from the outer integumentary tissue only.

As the embryo develops, the suspensor elongates
towards the tip of the micropyle formed by the outer
integument. The suspensor is in close contact with the
inner cells of the seed coat, especially on the funiculus
side (Fig. 1H). These seed coat cells remain thin-walled
and not lignified, as judged by the purple color of the
TBO stain. During the early stages of seed development,
these thin-walled cells remain alive, as indicated by a
nucleus within cells (Fig. 1H). As the embryo matures,
the suspensor and the thin seed coats become dried and
difficult to be discerned.

A cavity is often noted in orchid seeds, especially at
the chalazal end of the seed. The air inside the seed coat
makes the seeds buoyant and readily dispersed. In E.
ibaguense, the inner seed coat cells in the chalaza region
fail to divide further after fertilization. With fewer cells
and continual elongation of the outer layers, the inner
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cells separate and disintegrate, forming a chalazal cav-
ity (Fig. 1I). In a mature seed, cell remnants suspend the
embryo in this air-filled cavity. Lignification of the outer-
most layer of the seed coat cells begins early, with lignin
deposition occurring in the radial walls and inner tangen-
tial wall while the outer walls remain thin (Fig. 1J). More-
over, lignified outer tangential walls can be seen in some
mature seed coat cells near the embryo proper. Only a
single lignified seed coat encloses the embryo at the time
of seed maturation.

A similar pattern can be found in P tankervilliae
(Fig. 2). The expanding embryo cavity results in the com-
pression and collapse of the inner integument (Fig. 2E).
The expanding suspensor protrudes beyond the micro-
pyle. It grows towards the outer opening delimited by
the outer integument (Fig. 2F, Ye et al. 1997). Like E. iba-
guense, the suspensor is in close contact with the seed
coat cells, which are not lignified as judged by the stain-
ing reaction towards the TBO. These inner seed coat cells
remain thin-walled and alive (Fig. 2G) before embryo
maturation. In P tankervilliae, lignification of the seed
coat’s outermost layer begins before embryo maturation.
The radial and inner tangential walls show secondary
thickenings (Fig. 2H). At maturity, all inner thin-walled
seed coat cells have collapsed, partially covering the
embryo (Fig. 2I). Thus, a mature seed coat is comprised
of only a single layer of cells (Fig. 21).

In the above examples, the behavior of the suspensor
influences the final seed coat structure. The rapid growth
of the suspensor and the increased size of the embryo
prevent further development of the inner integument
into an integral structural component of the mature seed
coat.

Orchid seed coat with a carapace

In several Cypripedium species, besides having an outer
seed coat, the mature embryo is covered by a tight thin
layer which has been called "carapace" (Figs. 5H, I) (Lee
et al. 2005, 2015). In C. formosanum, the ovule’s inner
integument forms the carapace. The inner integument
appears as a small projection at the base of the nucel-
lar filament during archesporial cell formation (Fig. 5A).
As the megaspore undergoes meiosis, the inner integu-
ment continues to extend toward the tip of the nucellar
filament (Fig. 5B). It eventually encloses the develop-
ing embryo sac (Fig. 5C). After fertilization, the embryo
cavity enlarges slightly after fertilization and remains
the same till seed maturation. Mitotic activity is not
detected within the inner integument (Fig. 5D). As the
seed approaches maturity, the cells of the inner integu-
ment begin to dehydrate and compress into a tight thin
layer (Fig. 5E-G), wrapping around the embryo. It stains
blue with the TBO stain and reacts positively to Nile red
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stain, indicating the presence of lignin and cuticular sub-
stances, respectively (Fig. 6A, B). It is important to note
that the embryo of C. formosanum has a short, single-
celled suspensor (Fig. 5F). It is not a haustoria-like sus-
pensor similar to E. ibaguense and P. tankervilliae.

The structural features of carapace vary among species.
In C. plectrochilum, a distinct carapace is formed during
seed development. A thin transparent seed coat houses
the color carapace derived from the inner integument,
which covers the mature embryo (Fig. 7). Similar to C.
formosanum, cuticular substance, and lignin is present in
the carapace cell walls. In addition, phenolic substances
are synthesized and fill the vacuole of the cells (Fig. 7A).
This gives the seeds an orange-black color. At maturity,
the carapace shrinks, forming a distinct and thick layer
wrapping around the embryo (Fig. 7B).

Orchid seed with a multilayered seed coat

and the presence of a carapace

The Vanilla seeds differ morphologically and structurally
from other orchid seeds. The seed coat is sclerotic, a fea-
ture seldom found in orchid seeds (Fig. 3I). In V. plani-
folia, two distinct seed coat layers surround the embryo
during seed development (Figs. 3E and 8A).

The inner seed coat, derived from the inner integu-
ment, is two cells thick, and the walls remain primary
during the early stages of seed development (Fig. 8A,
B). As the seeds approach maturity, the inner seed coat
becomes gradually compressed and eventually forms
a thin layer at maturity covering the embryo, creating
a carapace (Fig. 8C, D). Using the Nile red staining, the
inner seed coat’s innermost and outermost surface walls
react positively, indicating the possible accumulation of
a cuticular substance in the wall of these cell layers (see
micrographs in Yeh et al. 2021).

The outer integument is responsible for forming the
seed coat. Before fertilization, the outer integument is
still growing (Fig. 3B, C). It has not enclosed the embryo
sac completely. At this stage, the walls of the outer seed
coat cell are relatively thin (Fig. 3C). After fertilization,
the walls of the outermost layer of the seed coat become
thickened (Fig. 3D-F). As the embryo becomes matured,
the thickened walls of the outer seed coat become scle-
rified (Fig. 3G, H). At the same time, the dark material
accumulates further in the outer and lateral walls of the
outermost cell layer (Fig. 8B, C). The thickened cell walls
with dark material occupy the entire cell cavity, and the
cells become sclerotic as the embryo matures (Figs. 3I
and Fig. 8D). Near maturity, the inner layers of the outer
seed coat gradually compress and attach to the sclerified
outermost layer of the seed coat (Fig. 8C, D). Using the
TBO stain, the cell wall of the outermost layer of the seed
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coat stained greenish-blue, indicating the presence of
lignin in the wall.

The fruits and seeds in Vanilla species are designed
for zoochory (Nishimura and Yukawa 2010; Pansarin
and Ferreira 2021). The fruits and the sclerotic seeds in
Vanilla are intended to be eaten by birds or other ani-
mals as the fresh fruits turn red as they mature, and
birds are confirmed to be the primary seed dispersal
agent. The digestive enzyme of birds sclerifies the hard
seed coats, breaking dormancy and promoting germina-
tion (Nishimura and Yukawa 2010; Pansarin and Ferreira
2021; Zhang et al. 2021).

Seed coat from unitegmic ovules

The unitegmic ovule is found in some mycoheterotrophic
orchids, e.g., Gastrodia and Epipogium (Tohda 1967; Abe
1976; Arekal and Karanth 1981; Li et al. 2016). In these
species, the seed coat comprises a single integument with
only two cells thick. During the seed development of G.
nantoensis, the seed coat cells become more vacuolated
and enlarge further, and the starch grains are metabo-
lized as the seed matures (Fig. 4E-G). At maturity, seed
coat cells eventually compress into a thin layer and
envelop the embryo (Fig. 4H). In G. nantoensis, the com-
pressed thin seed coat stains greenish blue with the TBO
stain, indicating the lignified cell wall (Fig. 4H). The seed
coat also reacts weakly to the Nile red staining (Fig. 4I).
Still, the signals could be easily quenched by pre-staining
of TBO, indicating the absence of distinct cuticular mate-
rials. The fruiting period of Gastrodia and Epipogium is
relatively short compared to most orchids; their above-
ground parts last only 3—-4 weeks, then vanish (Arekal
and Karanth 1981). Since Gastrodia and Epipogium are
fully mycoheterotrophic species that rely entirely on the
nutrient supply from mycorrhizal fungi (Yagame et al.
2007; Li et al. 2016), the seed coat’s simple structure may
help reduce nutrient investment during reproduction.

The characteristics of lignin and cutin deposits
in the orchid seed coat
The seed coat is the first protective barrier against envi-
ronmental stresses such as moisture and pathogens
(Mohamed-Yasseen et al. 1994; Rajjou and Debeaujon
2008). In addition to the cellulosic walls, different poly-
mers can be found embedded or encrusted in the seed
coat cell walls, i.e., lignin, suberin, and cutin (Sano et al.
2016). These compounds can offer additional protection
and reinforce the walls. In the orchid seed coat, lignifica-
tion of seed coat cells appears universal, and its presence
is deemed essential in its ability to protect the embryo
within.

Lignin is readily identified using histochemical tests,
i.e., phloroglucinol-HCI and TBO, and autofluorescence
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characteristics when viewed with a fluorescence micro-
scope. Modern techniques such as vibrational spectros-
copy and nuclear magnetic resonance provide vigorous
methods for identifying lignin and studying its chemis-
try (Lupoi et al. 2015). Barsberg et al. (2013) confirm the
presence of lignin in Cypripedium calceolus using FT-IR
spectroscopy. In recent years, a new form of lignin, the
C-lignin, was discovered by nuclear magnetic resonance
(NMR) spectroscopy in seed coats of certain species
belonging to Orchidaceae and Cactaceae (Chen et al.
2012, 2013; see Barsberg et al. 2018). The C-lignin dif-
fers from the commonly known G/S lignin because it is
synthesized from caffeyl alcohol. Using the ATR-FT-IR
spectroscopy, Barsberg et al. (2018) characterized seed
coat ontogenesis and chemistry in three orchid species,
i.e., Neuwiedia veratrifolia, C. formosanum, and Phal-
aenopsis aphrodite and discuss C-lignin properties and
possible function to seed coat properties. They revealed
and noted the marked diversity with respect to the seed
surface chemistry of the orchids studied. Future investi-
gations will provide further insight and possible implica-
tions for seed ecology and germination (Barsberg et al.
2018).

The presence of a cuticle is a common feature in many
seed coats, e.g., cotton (Yan et al. 2009) and soybean
(Ranathunge et al. 2010). The accumulation of cuticular
material is commonly observed in the epidermal tissue,
forming a vital hydrophobic barrier over the aerial sur-
faces, preventing water loss and gaseous exchanges (Esau
1977). In recent years, Nile red, a sensitive lipid stain
(Greenspan et al. 1985), is often used to detect lipidic
substances on the surface of epidermal cells and the
embryo and has contributed to the characterization of
cuticular substances in plant cell walls.

In orchids, the deposition of cuticular substances in
orchid seed coats varies among species, and a distinct
cuticle is absent in the seed coat walls. A lipid component
is not detected using the lipid stain, Sudan III (Carlson
1940), and the IR spectroscopic method (Barsberg et al.
2013) in the C. parviflorum and C. calceolus seed coat,
respectively. Cyrtosia javanica, a mycoheterotrophic
orchid species, has a thick seed coat from the outer
integument (see micrographs in Yang and Lee 2014). The
outermost layer is sclerified with thick lignified walls.
However, Nile red staining fails to detect the presence of
a lipidic substance in the outer seed coat layers. Moreo-
ver, weak positive staining is found in the walls of the
inner seed coat cells derived from the inner integument
(Yang and Lee 2014). A positive Nile red staining is noted
in Cymbidium sinense (Yeung et al. 1996) and C. formos-
anum (Lee et al. 2005). However, the stain is quenched
by prestaining with TBO, indicating that the cuticular
substance is adcrusted in the wall and not as a distinct
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cuticle similar to that commonly seen in leaf epidermal
cells.

Cutin deposits are more consistently found when a car-
apace is present and at the embryo’s surface. In Cephalan-
thera falcata, lignin and cuticular material accumulation
have been reported in the inner seed coat (Yamazaki and
Miyoshi 2006). Similar intense staining of Nile red can be
seen in the inner walls (carapace) derived from the inner
integument in C. formosanum (Lee et al. 2005). Positive
Nile red staining is often noted in the outer walls of the
orchid embryos, such as C. sinense (Yeung et al. 1996)
and Paphiopedilum delenatii (Lee et al. 2006). The pres-
ence of cuticular material offers additional protection to
the embryo.

Seed coat functions during seed development

and germination in orchids

Due to the simplicity of the seed coat structures in
orchids, besides aiding in seed dispersal and serving a
protective function during seed germination, a discus-
sion on its functions during development is absent from
the literature. Here, we summarize current observations
and draw attention to the seed coat’s additional functions
during development and germination.

Nutrient supply during seed development

The inner layer of the seed coat derived from the outer
integument is destined to aid in nutrient transfer to the
developing embryo, especially when a haustoria-like
suspensor is present. As shown in E. ibaguense and P
tankervilliae, the inner layers of the seed coat derived
from the outer integument remain alive with thin walls
during the early stages of embryo development. The walls
stain purple with the TBO stain. This polychromatic stain
can distinguish lignin, cellulose, and pectic substances
based on color differences (O’Brien et al. 1964; O’Brien
and McCully 1981). The purple-color reaction towards
the TBO stain indicates the absence of phenolic com-
pounds in the wall, which can impede the apoplastic
transport process. Furthermore, the absence of autofluo-
rescence and Nile red stain in these cell layers indicates
the lack of lipidic and phenolic compounds in the walls
(Yeung et al. 1996). These features enable the suspensor
to obtain nutrients apoplastically through the walls of
the seed coat and translocate them to the embryo proper.
Our earlier study demonstrates that the suspensor cell
of P tankervilliae has a more negative osmotic potential
than neighboring cells, providing a driving force for the
uptake of water and nutrients from adjoining seed coat
cells (Lee and Yeung 2010). A recent comparative study
using suspensors of Arabidopsis and beans indicates that
genes involved in transport and Golgi body organiza-
tion are upregulated in the suspensor (Chen et al. 2021),
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indicating that the suspensor has unique physiologi-
cal properties. By positioning itself next to the source of
nutrients, i.e., the thin seed coat cells, nutrient acquisi-
tion for the embryo can be achieved.

Carapace formation for added protection in seed dispersal
and germination

The term carapace is defined as a protective shell. It
originates from the inner integument and wraps around
the embryo (Veyret 1969; Rasmussen 1995; Lee et al.
2005; Yamazaki and Miyoshi 2006). This structure is
common in temperate, terrestrial orchids such as Dac-
tylorhiza species (Custddio et al. 2016) and Paphiope-
dilum species (Lee et al. 2006). The thickness of the
carapace varies. Synthesis and deposition of phenolic
compounds occur before the inner integumentary cells
collapse, offering further protection to the embryo. In
Cephalanthera falcata (Yamazaki and Miyoshi 2006), a
carapace is readily detected and wrapped tightly around
the embryo. A thin carapace is seen in C. formosanum
(Lee et al. 2005), while Limodorum (Veyret 1969) and C.
plectrochilum (Fig. 7) have a relatively thick carapace.

From the case histories shown earlier, it is clear that
a carapace cannot be formed in embryos with a haus-
toria-like suspensor. As seen in E. ibaguense, P. tanker-
villiae as well as Phalaenopsis (Additional file 3; Lee
et al. 2008), the rapid elongation of the suspensor and
the growth of the embryo tend to rupture the inner
integument preventing carapace formation. Moreover,
to fulfill a protective function, we propose that the term
‘carapace’ should be applied to those seeds with a dis-
tinct inner layer derived from the inner integument,
having lipidic and or phenolic deposits incorporated
in the cellulosic walls. The added compounds serve to
provide added protection to the embryo in addition to
the seed coat.

It is well established for in vitro seed germination that
carapace is one of the major causes inhibiting mature
seed germination. Veyret (1969) noted that seeds with
a particularly well-developed carapace, such as Cepha-
lanthera and Epipactis species (Additional file 2), ger-
minated with difficulty. The carapace acts as a barrier
to water and nutrient absorption. Sonification modi-
fies the carapace through physical scarification and
improves germination (Miyoshi and Mii 1988). Stratifi-
cation of the seed coat using NaOCI improves tetrazo-
lium staining in seeds with a thick carapace (Custodio
et al. 2016). Seed pretreatment could improve seed coat
hydrophilicity and permeability, allowing germination
(Miyoshi and Mii 1998; Lee et al. 2007; Lee 2011; Soch
et al. 2023).

The presence of a carapace is important to the sur-
vival of orchid seeds in their natural environment. The
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carapace is more often found in seeds of temperate
terrestrial orchids (Rasmussen 1995; Lee et al. 2005;
Yamazaki and Miyoshi 2006). Besides, functions as an
additional protective layer, can the presence of a cara-
pace result in seed coat-imposed dormancy, regulating
seed germination in its natural habitat? In the temper-
ate region, seeds are shed in the autumn. A carapace
may protect the embryo, allowing the seeds to sur-
vive the winter months and delaying germination until
spring.

Seed coat features allow water uptake during germination
As indicated above, the inner seed coat layer cells have
no phenolic deposits and will not pose as an apoplastic
barrier for water movement during seed imbibition. Even
though the cells have collapsed as the seeds dry, the walls
can still serve as channels for the apoplastic movement
of water and water-soluble materials during germination.

Particular structural adaptations for water uptake and
storage have been noted in the seed coat of Sobralia
dichotoma (Prutsch et al. 2000). The seed coat in S. dicho-
toma consists of different cell types, i.e., helical tracheoi-
dal cells and collapsed cells with walls rich in pectin.
Imbibition leads to uncoiling, stretching the helical tra-
cheoidal cells forming a pipe, and shaping a central capil-
lary. The reversible movement of the helical tracheoidal
cells is interpreted as a mechanism of water uptake
(uncoiling) and -storage (coiling). The pectin-rich cells
may function in water storage, thereby protecting the
mature embryo against desiccation. This intricate design
demonstrates that orchid seed coat can have specialized
functions even though cells are no longer alive.

The varied thickened seed coat adapts to the seed
dispersal mechanism

Although most orchids have a thin seed coat at maturity,
orchids with fresh, colorful fruits and thick-walled seeds
are designed for zoochory. As shown in Apostasia nip-
ponica (Suetsugu 2020), C. javanica (Yang and Lee 2014),
Cyrtosia septentrionalis (Suetsugu et al. 2015), Neuwie-
dia singapureana (Zhang et al. 2021) and Yoania japon-
ica (Suetsugu 2018a, b), these species have fleshy fruits
containing seeds with a thick seed coat. The thickened
and lignified seed coat protects seeds from the digestive
enzyme as they pass through the digestive tracts of birds.
Moreover, the digestive process modifies the seed coat,
enhancing germination (Zhang et al. 2021). A similar
observation is well documented in Vanilla species (Pan-
sarin and Ferreira 2021; Yeh et al. 2021). It is likely for
those orchid species with fresh fruit and seeds, having a
thick seed coat is an adaptation to their elected reproduc-
tive strategies. In their review, Coen and Magnani (2018)
recently indicated, "the seed coat architecture evolved to
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adapt to different environment and reproductive strate-
gies in part by modifying its thickness." The varied num-
ber of integuments and thickness of the seed coat found
in orchid species are likely to be adaptive features for
seed dispersal and germination.

The seed coat directs the entry of fungal hyphae

through the micropyle during symbiotic seed germination
For symbiotic seed germination, the successful pen-
etration and establishment of a compatible mycorrhizal
fungus into the embryo ensures protocorm formation.
Although the seed coat structure is simple, its design is
part of the strategy ensuring success. The prominent
micropylar opening is a clever design providing an initial
site of entry for the mycorrhizal fungi for most orchid
species. In Bletilla striata, embryos with the seed coat
removed result in a lower germination rate than intact
seeds infected with appropriate symbiotic fungi (Miura
et al. 2019). This finding indicates that restricting the
invasion of fungal hyphae at the initial stage of fungal
colonization allows proper symbiotic establishment.
The entry of mycelium through the micropyle into the
degenerated suspensor of the embryo is one of the pre-
ferred pathways (Yeung et al. 2019), ensures the "planned’
sequence of events, such as peloton formation, can occur,
resulting in protocorm growth and development. In
Caladenia tentaculate, the embryo produces a UV auto-
fluorescing substance which gradually recedes towards
the suspensor region near the micropyle (Wright et al.
2005). Although the nature and function are unknown,
this substance may interact with compatible mycorrhizal
fungi, establishing symbiotic interactions. It is important
to note that even though the suspensor has degenerated,
the absence of cuticular materials in its wall enables the
ready penetration of mycelium into the embryo properly.
The seed coat at the chalazal end can also accommodate
the expansion of the embryo, forming a tight fit over the
embryo at the chalazal end during the early stages of ger-
mination. This safeguards the entry of fungal hyphae into
the embryo’s future shoot apical zone, allowing proper
shoot development. Moreover, the compatibility between
the fungi and the orchids is a critical factor in determin-
ing the ultimate success of symbiotic seed germination
(Chen et al. 2022). Although the function of the seed coat
is ’passive; the structural design enables it to play a role in
the early stages of symbiotic seed germination.

Perspective

The orchid seed coat has a simple structure. The min-
ute size of the seeds makes this a difficult experimental
material to study. Moreover, their simple organization
is likely an adaptation to reproductive strategies. This
review draws attention to aspects of seed coat structures
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and their potential functions during seed development
and germination. Moreover, many important ques-
tions remain. For example, does the seed coat have a
morphogenetic role in embryo development without
an endosperm besides nutrient supplies? In flowering
plants, there is a close interplay between the endosperm
and seed coat formation (Ingouff et al. 2006; Wang et al.
2021). Without endosperm, could a similar process occur
between the orchid embryo and the seed coat?

With an improved appreciation of seed coat devel-
opment and function, we can focus on studying key
processes such as nutrient transfer between the seed
coat and the embryo and the biosynthesis of secondary
metabolites in carapace formation. Our understanding of
the molecular control of seed coat development still has
many gaps (Matilla 2019). Recently, a MADS-box gene,
PeMADS28 has been identified in orchids in Phalaenop-
sis equestris and has been shown to play an essential role
in ovule integument development (Shen et al. 2021). Is
there a seed coat-specific promoter in orchids that regu-
lates integument and seed coat development? More stud-
ies are needed on molecular genetics and gene functions
during development. We also see the potential of the
seed coat system in unraveling new regulatory mecha-
nisms and providing new perspectives on plant biology.
The recent successful use of the RNA-seq method with
the laser microdissection technique described by Millar
et al. (2015) and Balestrini et al. (2021) can provide pre-
cise answers to the question posted. With further refine-
ment in cell isolation techniques, it would be possible to
apply single-cell RNA sequencing technology (Xu and
Jackson 2023) to study specific events in the integument
and seed coat development.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540529-023-00400-0.

Additional file 1. The seed coat development of Epipogium roseum. A

A longitudinal section through a mature embryo sac showing the egg
apparatus. At this stage, the integument tissue (arrow) has not completely
enclosed the nucellus (arrowhead). Scale bar=50 um. B At fertilization,
the integument does not envelop the embryo sac (arrow). An arrowhead
indicates the nucellus, and the double arrowhead indicates the degener-
ated synergid. Scale bar=50 um. C At the stage of a two-celled embryo,
the seed coat (arrow) has enclosed the embryo sac completely. Starch
grains appear within the cytoplasm of the embryo. The nucellus (arrow-
head) is still distinct at this stage of development. Scale bar=50 um. D
The two-celled embryo divides once, resulting in a four-celled embryo.
More starch grains accumulate within the cytoplasm of the embryo. The
cells of the seed coat (arrow) enlarge further, and the nucellus (arrowhead)
begins to degenerate. Scale bar=>50 um. E At maturity, the embryo is
enveloped by a shriveled seed coat (arrow). Scale bar=50 um. F A mature
seed of E. roseum takes on a pear-like form. Scale bar=50 um.

Additional file 2. The formation of carapace in Epipactis mairei seeds.

A Light micrograph showing a Spurr’s resin section through a maturing
globular embryo after the TBO staining. Protein and lipid bodies are the
main storage products within the embryo cells. The cells of the inner seed
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coat (arrowhead) begin to shrivel. Scale bar=20 um. B Light micrograph
showing a Spurr’s resin section through a mature seed after the Sudan
Black B staining. The embryo proper is enveloped by the shriveled inner
seed coat, i.e, the carapace (arrowhead), which is protected by a thin
outer seed coat (arrow). Scale bar=20 pym.

Additional file 3. The seed coat development of Phalaenopsis aphrodite.
A After fertilization, the zygote (*) has a dense cytoplasm, and the inner
seed coat (arrowhead) encloses the embryo sac completely. The outer
seed coat (arrow) cells have expanded and elongated by vacuolation.
Scale bar=20 um. B At the four-celled embryo stage, the two cells toward
the chalazal end are small with dense cytoplasm, while the other two
cells toward the micropylar end continue to enlarge. The cells of the inner
seed coat (arrowheads) begin to condense and then degenerate. The
cells of the outer seed coat (arrow) also begin to condense, but they still
stay turgid. Scale bar=20 um. C At the early globular stage, the suspensor
cells (S) have elongated and surround the developing embryo proper. The
cells of the inner seed coat (arrow) have degenerated completely, and the
radial walls of the outer seed coat (arrowhead) have become thickened.
Scale bar=20 um. D At the globular stage, a cell size gradient is noted

in the embryo proper, with smaller cells in the chalazal region and larger
cells toward the micropylar end. The suspensor cells (S) and the cells of
the outer seed coat (arrow) are undergoing dehydration and becoming
shriveled. Scale bar=20 pm. E As development progresses, the embryo
cells become cytoplasmic with dense cytoplasm. The seed coat has
shriveled (arrow). Scale bar=20 pm. F At maturity, the embryo cells have
an abundant reserves deposit. The embryo is enveloped by the shriveled
seed coat (arrow). Scale bar=20 um
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