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INTRODUCTION

Kiwi fruit is of great agricultural, botanical, and economic interest. The flower of kiwi fruit
has axile placentation, which is typical for Actinidiaceae. Axile placentation is thought
derived through fusion of conduplicate carpels with marginal placentation according to
the traditional doctrine. Recent progress in angiosperm systematics has refuted this
traditional doctrine and placed ANITA clade rather than Magnoliaceae as the basalmost
clade. However, the former traditional doctrine stays in the classrooms as the only
teachable theory for the origin of carpels. To test the validity of this doctrine, we
performed anatomical study on kiwi fruit. Our study indicates that the placenta has a
vascular system independent of that of the ovary wall, the ovules/seeds are attached
to the placenta that is a continuation of floral axis enclosed by the lateral appendages
that constitute the ovary wall, and there are some amphicribral bundles in the center
of placenta and numerous amphicribral bundles supplying ovules/seeds in kiwi fruit. The
ampbhicribral vascular bundles supplying the ovules/seeds are comparable to those usually
seen in branches, but not comparable to those seen in leaves or their derivatives. This
comparison indicates that the placenta in kiwi fruit cannot be derived from the fusion of
collateral ventral bundles of conduplicate carpels, as suggested by traditional doctrine.
Instead the vascular organization in placenta of kiwi suggests that the placenta is a
shoot apex-bearing ovules/seeds laterally. This conclusion is in line with the recently
raised Unifying Theory, in which the placenta is taken as an ovule-bearing branch
independent of the ovary wall (carpel in strict sense). Similar vascular organization in
placenta has been seen in numerous isolated taxa besides kiwi fruit. Therefore whether
such a pattern is applicable for other angiosperms is an interesting question awaiting
answering.
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bundles are rarely touched. Here the distributions, shapes, types,

Vascular bundles are the main transport channels of water and
nutrients in the fruit, and play a very important role in fruit
development and quality formation (Choat etal., 2009; Zhang
etal., 2009; Measham etal., 2010) in addition to their system-
atic significance. The growth of fleshy fruits involves a balance
between the supply or withdrawal of water via the vascular tis-
sue, and losses to transpiration (Morandi etal., 2007; Clearwater
etal.,, 2011). Kiwi fruit is of great agricultural, botanical, and eco-
nomic interest. In kiwi fruit, as in most fruits, storage quality is
related to calcium concentration and many disorders are associ-
ated with low fruit calcium concentration, and calcium transport
to the fruit is exclusively via the xylem — calcium is not phloem
mobile (Marschner, 1983; White, 2001; Dichio etal., 2003). Kiwi
fruit vasculature is similar to that of the ovary at anthesis (Schmid,
1978). Many of the fruit vascular bundles are considerably larger
than those of the flower owing to the formation of secondary vas-
cular tissue, particularly secondary xylem (Habart, 1974; Schmid,
1978). However, these studies on kiwi fruit vascular bundles are
not systematic and the evolutionary implications of the vascular

and structure of vascular bundles in kiwi fruit were systematically
observed in order to provide a basis for studies on material trans-
port and accumulation, mechanism of quality formation. Also the
implications of vascular anatomy for the forming of carpel are
explored.

MATERIALS AND METHODS

Female flowers and some 150-day-old fruits of Actinidia deli-
ciosa var. deliciosa ‘Qinmei” were collected from an orchard in
Fangshan, Beijing in 2012, and two 150-day-old fruits were sec-
tioned in both the transverse and longitudinal planes and then
photographed. Samples were taken from central placenta (CP),
peripheral placenta (PP), and outer pericarp (OP) at the base, in
the middle and near the top of other fruits. The samples were
fixed with FAA and then used in the preparation of 8-um thick
paraffin-sections following the routine method. These sections
were critically examined tracing the vascular bundles and pho-
tographed using a Nikon-E400 microscope with a Nikon E-995
digital camera.
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RESULTS

Kiwi fruit is derived from compound pistil ovary, and its vascular
bundles are mainly distributed in three distinct regions: CP, PP,
and OP (Figures 1A-C).

The axile placenta of fruit is mainly formed of homogeneous,
very large parenchymatous cells. Cross sections made through the
placenta at the base (Figures 2A—C), in the middle (Figures 2D-G)
and near the top (Figures 2H-K) of fruit indicate that vascu-
lar tissues are amphicribral bundles with secondary xylem in
stellate-shaped arrangement, developed secondary phloem and
obvious vascular cambium. After entering the axile placenta, these
bundles immediately ramify and permeate the core (Figures 2
and 5), which include placental vascular bundles (PB) from
the upper surface of receptacle and CP vascular bundles (CB)
diverging from the former (Figure 5). With the extension of
vascular bundles, xylem cross-sectional areas are getting smaller
and smaller (Figures 2B,E,J), and the shapes of vascular cross
section change from subcircular (Figures 2A,B,E-G) to subob-
long (Figures 2I-K). Meanwhile, central parenchymatous areas
of vascular bundles gradually decrease (Figure 2), but secondary
phloem does not decrease in the proportion of vascular bundle,
suggesting developed phloem provides an important structural
basis for the axile transport of nutrients.

Vascular tissues of PP include PB and its branches [radial ovule-
supplying branch (RB), ovule trace (OT), and septum bundle (SB);
Figures 3A,B and 5], which are all amphicribral bundles, and
their shapes, types, and structures are consistent with those in
CP (Figures 3 and 5). PB, derived from the upper part of the
receptacle, provide organic nutrients, water, and inorganic salts
for ovules or seeds through RBs and OTs. SBs, distributed in every
other septum, nourish septum tissue constituted by the two to six
rows of cells arranged radially (Figure 3A). Vascular pattern in the
middle and near the top (Figure not shown) is similar with that at
the base of fruit (Figure 3).

Vascular bundles in OP include ovary wall vascular bundle and
its lateral branch bundle, like the midvein and secondary veins in a

leaf. Ovary wall vascular bundles are from the receptacle (Figures 4
and 5). At the base of fruit, lateral branch bundles are amphicribral
(Figures 4A,B), while ovary wall vascular bundles are collateral,
which consist of less developed secondary xylem to the adaxial,
vascular cambium with a weak activity and less developed sec-
ondary phloem to the abaxial (Figure 4C). In the middle and
near the top of fruit, both of ovary wall vascular bundle and lat-
eral branch bundle are collateral rather than amphicribral bundles
(Figures 4D-G). As seen in Figure 4, cross-sectional areas of most
ovary wall vascular bundles are bigger than those of lateral branch
bundle, and the latter is oblong, while the former varies from long
narrow shape to nearly triangular. In a bundle, cross-section area
of the phloem is no less than that of the xylem (Figures 4A-C),
highlighting the importance of the organic nutrient transport on
fruit.

DISCUSSION

Fruit vascular arrangement has important influence on fruit qual-
ity, and it has been investigated by previous authors. Examining the
anatomical structure of kiwi fruit (Actinidia chinensis Planch. var.
chinensis), Habart (1974) did not mention vascular bundles in CP
and septa. Subsequently, based only on Habart’s work, Ferguson
(1984) concluded that the central core and the septa should lack
of vascular tissue, and this could further result in poor nutrient
in these parts due to inadequate supplies of the immobile nutri-
ent such as calcium. However, the present study shows that the
central core and the every other septum have abundant secondary
vascular tissue. In addition, in the determination of starch content
in various parts of kiwi fruit and observation on their chloro-
plast ultrastructure, we have found starch contents continue to
increase in axile placenta and inner pericarp, and are significantly
higher in them than in OP at 140 days after anthesis (unpublished).
These suggest that both of placental bundles and SBs have a strong
function of transporting carbohydrates to meet the needs of these
parts of fruit for nutrients. Further observation is necessary to tes-
tify whether there are anatomical differences between two cultivars

FIGURE 1 | Female flower and fruits of Actinidia deliciosa var deliciosa
‘Qinmei.’ (A) A female flower, showing syncarpous pistil constituted by many
carpels. (B) Mid-cross section of fruit, showing many carpels around the axile

The top

The base

placenta. (C) Longitudinal mid-section of fruit. Note the major vascular
bundles (arrowheads) of fruit. CR, central placenta; PP, peripheral placenta; OP.
outer pericarp.
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FIGURE 2 | Sections of central placenta at the base, in the middle
and near the top of fruits, respectively. (A—-C) Views at the base.

(A) Cross section of central placenta, showing one of vascular bundles.
(B) Detailed view in Figure 2A, showing an amphicribral vascular bundle
with the phloem surrounding the xylem. (C) Longitudinal section of
central placenta, showing annular tracheids in xylem of ampbhicribral
vascular bundle. (D-G) Views in the middle. (D) Cross section of central
placenta, showing seven vascular bundles. (E) Detailed view of one of
the amphicribral vascular bundles, showing the phloem surrounding

the xylem, which is divided into several segments by parenchyma.
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(F) Detailed view of an amphicribral vascular bundle, showing the
phloem surrounding the xylem and central parenchyma. (G) Detailed
view of an amphicribral vascular bundle, showing the phloem
surrounding the xylem of several tracheids. (H-K) Views near the top.
(H) Cross section of central placenta, showing seven vascular bundles.
(I) Three amphicribral vascular bundles with few tracheids, showing the
phloem surrounding various amount of xylem. (J) Detailed view of left
bundle in Figure 2H, showing branching bundle with branching xylem of
few tracheids. (K) Detailed view of an amphicribral vascular bundle,
showing the phloem surrounding the xylem.

of Actinidia deliciosa var. deliciosa ‘Qinmei’ and Actinidia chinensis
Planch. var. chinensis.

It has been observed that kiwi fruit vasculature is composed
of the multi-level branches arranged in order, and each part
of fruit has corresponding bundles providing nutrients for it.
PB and ovary wall vascular bundles enter the placenta and
ovary wall from the receptacle through continuous extension
and branching. Particularly, the ovary is superior, and all those
to sepals, petals, and stamens from the base surface of recep-
tacle are isolated from the placental branches, which all are
amphicribral in organization. So, the placenta is a flower part

independent of and separated from others, which are taken
as foliar in nature. This would make the placenta a distinct
organ.

According to the traditional botanical doctrines, the gynoecia
of kiwifruit are constituted by multi-conduplicate carpel, and dor-
sal and ventral bundles in a carpel should have the same structure
and type. However, our observations are not consistent with the
theory. First, as shown in Figures 2 and 3, all the vascular bun-
dles are amphicribral in placenta and its periphery of kiwi fruit,
implying an axial nature for the placental bundles, and most of
them are collateral in ovary wall implying a leaf precursor for
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FIGURE 3 | Cross sections of peripheral placenta at the base of fruits
showing the distribution, shape, type, and structure of amphicribral
vascular bundles. (A) Distribution of vascular bundles at placental periphery,
showing placental vascular bundles at the periphery of axile placenta and
septum vascular bundles in every other septum. (B) Cross section showing
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radial ovule-supplying branch and ovule trace embedded in parenchyma.
(C,D) Detailed view of typical amphicribral placental vascular bundles with the
phloem surrounding the xylem, which may be interrupted by parenchyma. Se,
spetum; SB, septum vascular bundle; RB, radial ovule-supplying branch; OT,
ovule trace.

ovary wall. Second, as seen in Figures 2A,B,E-G,K and 3C,D,
stronger activity of vascular cambium in placental bundles, com-
pared with that in ovary wall vascular bundles (Figure 4), further
indicates that the placenta is an organ of the branch, and also
implies ovary wall is a leaf organ, which usually lacks of secondary
growth. Third, it can be inferred from traditional doctrine that,
if septa are formed by the edges of carpel, and they all should
have a uniform structure. Actually, our results show that SBs
are distributed in every other septum (Figure 3A). This phe-
nomenon is, however, understandable if the septum is taken as
part of placenta, which, as a branch, includes vascular tissue and
other tissue such as ground tissue. Fourth, combined with vas-
cular patterns in CP and PP (Figures 2D,H, 3A and 5), there
is more than one ring of vascular bundles in placenta, which is
very important. According to the traditional theory, carpel edge
has only one ventral bundle involving in ovules bearing, and is
impossible to form a few rings of vascular bundles, suggesting
that the placenta is different from ovary wall in nature and ori-
gin. Fifth, in accordance with our current knowledge of botany,
there is some of parenchyma in the center of xylem in amphi-
cribral bundles with secondary growth, a typical configuration
for eustele. So, amphicribral vascular with central parenchyma in
placenta of kiwi fruit implies that the placenta is axial in nature
(Figures 2 and 3), and is different from the ovary wall. This

inconsistency between traditional doctrine and actual observa-
tions is not restricted to kiwi fruit. Amphicribral bundles have been
shown to be related to ovules/placenta in various angiosperms
[Papaveraceae (Kapoor, 1973, 1995); Leguminosae in Figure 1
of Lersten and Don (1966); Winteraceae in Figure 2 of Tucker
(1975); Solanaceae in Figure 1f of Dave et al. (1981); Gesneriaceae
in Figures 11-13 of Wang and Pan (1998); Buxaceae in Figures
10Q and 82N of Von Balthazar and Endress (2002); Annonaceae
in Figures 6G-K of Endress and Armstrong (2011)]. These fam-
ilies span from the magnoliids to terminal eudicot lineage in the
tree of life for angiosperms (APG, 2009). However, little atten-
tion has been paid to this frequently seen phenomenon. The
inconsistency between the traditional doctrine and observation in
kiwi fruit and other plants casts serious doubt on the traditional
doctrine.

The Unifying Theory states that the carpel in the classic sense is
a composite organ comprising an ovule-bearing shoot (placenta)
and a foliar part enclosing the shoot (Wang, 2010). This view
is compatible with data from other fields of botany (Herr, 1995;
Rounsley et al., 1995; Hickey and Taylor, 1996; Skinner et al., 2004;
Dreni etal., 2007; Doyle, 2008; Zheng etal., 2010). If this theory
is true, it can be presumed that there should be vascular bundles
of radial symmetry (namely, amphicribral bundles) in the pla-
centa. The amphicribral bundles in placenta of kiwi fruit in the
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FIGURE 4 | Cross sections of outer pericarp at the base, in the middle
and near the top of fruits. (A-C) Views at the base. (A) Cross section of
outer pericarp, showing two amphicribral bundles from lateral branch
bundles. (B) Detailed view of the amphicribral bundle on the right side of
Figure 4A. (C) Cross section of outer pericarp, showing three collateral
bundles and their different shapes, which are all ovary wall vascular
bundles. (D,E) Views in the middle. (D) Cross section of outer pericarp,

showing three collateral bundles, in which two of them are lateral branch
bundles (above), and the other is ovary wall vascular bundle (below).

(E) Detailed view of different shapes of ovary wall vascular bundles,
showing long and narrow bundle and nearly triangular view in cross section.
(FG). Views near the top. (F) Detailed view of one lateral branch bundle,
which is collateral. (G) Detailed view of an elongate ovary wall vascular
bundle, which is collateral.

present study provide important and crucial evidence favoring this
theory. Moreover, studies on gene expression patterns in flowers
of model plants including Arabidopsis, Petunia, and Oryza also
indicate that STK, FBP7, FBP11, AGL11, and OsMADS13 are
restricted to placenta/ovules (Angenent et al., 1995; Rounsley et al.,
1995; Pinyopich et al., 2003; Dreni et al., 2007; Yoo et al., 2010; Li
etal., 2011), while DL, CRC, and YABBY only to ovary wall (Yam-
aguchi etal., 2004; Dreni etal., 2007; Li etal., 2011). This implies
that placenta is a distinct floral organ equivalent to a secondary
shoot and independent of carpel and it is recruited onto ovary wall
later in angiosperms (Angenent etal., 1995; Roe etal., 1997; Skin-
ner etal., 2004). These conclusions are plausible considering that
ovules are borne on fertile shoots in gymnosperms that have no
carpels (Bierhorst, 1971; Biswas and Johri, 1997), and that ovule
formation has nothing to do with carpels in mutant angiosperm
(Lersten and Don, 1966; Dave etal., 1981; Skinner etal., 2004).
Considering all, placenta in angiosperms is homologous with

ovule-bearing branch, and the carpel wall with its subtending
bract.

In the ovary wall vascular tissues, only lateral branch bundles
are amphicribral at the base of fruit, implying an axis feature for
the base of fruit wall, while all vascular bundles are collateral in
other parts, implying a leaf characteristic for the middle and the
top of fruit wall (Figure 4), that is to say, ovary wall of fruit, as leaf
organ, has not completed the conversion process from axis to leaf
at the base although well done in the middle and top portion. Stud-
ies on fossil plants provide some clues for the transformation from
axis to leaf. Psilophyton and Pauthecophyton have distal axes with
lateral, three-dimensional, synchronously dichotomous trusses.
These lateral dichotomous trusses most probably performed a
photosynthetic function similar to that performed by leaves, and
distal divisions of the dichotomous trusses show a fundamentally
leafy architecture, comprising a vascular bundle, parenchymatous
mesophylls, and epidermis and lacking peripheral sterome
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FIGURE 5 | Sketches of the vascular distribution of fruit of Actinidia
deliciosa var deliciosa ‘Qinmei.” (A) Longitudinal mid-section of fruit,
showing the arrangement of the major vascular bundles in fruit.

(B) Mid-cross section of fruit, showing the distributions of the major

vascular bundles (green dots) in the fruit. Note septum vascular bundles
occur in every other septum. CB, central placenta vascular bundle; LB,
lateral branch bundle; PB, placental vascular bundle; OB, ovary wall
vascular bundle; OT, ovule trace; SB, septum vascular bundle.

(Banks etal., 1975; Gifford and Foster, 1989). Ultimate units of
the branch-leaf complexes (BLC) of Psilophyton dawsonii and
Triloboxylon ashlandicum show a uniform, fundamentally leafy
histology, consisting of a vascular bundle (vein), parenchymatous
mesophylls and epidermis (Banks etal., 1975; Scheckler, 1976).
So, vascular anatomy of kiwi fruit wall shows a midway between
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