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A B S T R A C T   

Fruits (follicles) of Hakea salicifolia and Hakea sericea (Proteaceae) are characterised by pronounced lignification 
and open via a ventral suture and the dorsal side. The opening along both sides is unique within the Proteaceae. 
Both serotinous species are obligate seeders, whose spreading benefits from bush fire events. The different tissues 
and the course of the vascular bundles must allow the opening mechanism. While their 2D-arrangements are 
known to some extent from light-microscopy images of cross-sections, this work presents their three-dimensional 
structures and discusses their contribution to the opening of Hakea fruits. For this purpose, 3D greyscale images, 
reconstructed from µCT-projection data of both fruits are segmented, assisted by a deep learning algorithm (AI 
algorithm). 3D renderings from these segmentations show strongly interconnected vascular bundles that build a 
double-dome shaped network in each valve of H. salicifolia and a dome shaped honeycomb-structure in each 
valve of H. sericea. However, the vascular bundles of both species show no interconnection between the two 
lateral valves of the fruit but leave gaps for predetermined fracture tissues on the ventral and dorsal side. The 
opening of the fruits after a fire or after separation from the mother plant can be explained by the anisotropic 
shrinkage in the two valves of the fruit.   

1. Introduction 

During a period of 3.8 billion years of evolution, plants have devel-
oped a variety of adaptations to extreme environmental conditions. In 
addition to morphological adaptations, these also include adaptations 
that ensure the continuation of the population through generative and 
vegetative reproductive strategies. In areas with regularly occurring fire 
events, resprouters can be distinguished from reseeders (Brown and 
Whelan, 1999; Bell, 2001; Clarke et al., 2009; Pausas and Keeley, 2014). 
Plants that shelter their seeds in woody fruits for several years are pre-
dominant in fire-prone habitats in many areas of the world (Lamont 
et al., 1991; Bradstock et al., 1994). Serotiny (delayed release of mature 
seeds) is understood as an adaptation to fire events (Bradstock et al., 
1994; Lamont et al., 2020), even though the evolutionary derivation and 
function of serotiny are manifold and increased mortality rates for 
serotinous species due to fire are also described (Richardson et al., 1987; 
Lamont et al., 1991). In Australia’s sclerophyll vegetation serotiny is 
clearly best developed (Lamont et al., 1991; Lamont, 2021). In the dry 
hot climates of Australia with regular naturally occurring fires, a high 

number of species can be found exhibiting this strategy, particularly 
pronounced in the Proteaceae family. 

The opening of the mostly serotinous woody fruits does not occur 
automatically when the fruits ripen, but fruits can remain on the mother 
plant for several years (Richardson et al., 1987). Only after the death of 
whole branches or because of fire, the fruits open and the seeds are 
released. Seed release often depends on passive mechanisms, that are 
based on physical interaction of dead plant parts and its environment 
(Elbaum and Abraham, 2014; Seale and Nakayama, 2019; Huss and 
Gierlinger, 2021), where anatomical and morphological fine-tuning of 
tissues facilitate the dehiscence mechanism (Huss et al., 2018; Zhang 
et al., 2018; Arshad et al., 2020). 

The above-ground seed bank allows the species to release a larger 
quantity of seeds at a favourable time, thus increasing the seedlings’ 
chances of survival. Nevertheless, developing a phylogenetic derivation 
is not easy. It may therefore be true that in Australia the development of 
hard, heavily woody fruits initially represented an adaptation to the 
once native megafauna. Even today, there are still some cockatoo spe-
cies that can break open Hakea fruits to reach the larvae living there 
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(Wilson, 1999) or the nutrient-rich seeds (Groom and Lamont, 1997; 
Lamont et al., 2016). Specialised insects whose larvae live inside the 
fruits are considered the primary reason for the development of woody 
fruits in the Proteaceae family (Johnson and Briggs, 1975; Richardson 
et al., 1987). After extinction of the megafauna and significant climate 
warming, these species could be considered to have also greater chances 
of survival in regions with frequent fires (Wilson, 1999) due to the 
specific opening mechanism of their fruits. 

The genus Hakea of the Proteaceae family is endemic to Australia, 
where it is represented by 149 species. Some of these have been intro-
duced outside Australia and their behaviour is strongly invasive espe-
cially in Southern Europe, New Zealand and South Africa (Richardson 
et al., 1987; Williams, 1992a; Wilson, 1999; Marchante et al., 2005). 

Fruits of the genus Hakea (Wilson, 1999) are characterised by pro-
nounced lignification in the majority of species. Morphologically, the 
fruits of the genus Hakea are now classified as follicles, although they 
open via the ventral suture and dorsal side (Johnson and Briggs, 1975). 
The opening along both sides is unique within the Proteaceae and is 
found only in the genus Hakea (Wilson, 1999). The ventral suture is 
characterised by a preformed rupture line, with tissue that lies very 
loosely between the two carpel sides. Opening over this suture should 
not offer any resistance and should be possible without force. At the 
dorsal side a strongly lignified tissue comprised of smaller and differ-
ently oriented cells reveal the second predetermined rupture line of the 
fruit. To propagate a crack in this area, some force is required (Filla, 
1925). Currently, within the family of Proteceae, more detailed data on 
the structure-function-relationship of the fruit opening mechanism are 
only available for Banksia attenuata (Lamont et al 2020). For the latter, a 
bilayer system in the pericarp and an initiating crack perpendicular to 
the opening suture are decisive for the opening of the fruits (Huss et al. 
2018). 

H. sericea and H. salicifolia possess a kinematically similar opening 
mechanism but a different reproductive ecology. Both species are able to 
produce a large above ground seedbank (Lamont et al. 1991) and their 
spreading benefits from burned areas, however seeds of H. salicifolia are 
unable to survive high temperature e.g. during a bushfire (Richardson, 
1987) due to smaller follicles. Both species also occur as invasive species 
outside Australia. In order to understand the opening mechanism of 
Hakea fruits, it is necessary to clarify how the distinguishable tissues are 
spatially arranged. The exact three-dimensional arrangement of the 
different tissues and the course of the vascular bundles have not yet been 
studied in detail particularly with regard to their contribution to the 
opening of Hakea fruits. 

Previous morphological analyses of the fruits (Filla, 1925; Johnson 
and Briggs, 1975) and leaves (Teixeira et al., 2008) clearly show the 
presence of vascular bundles. In cross-sections it is evident that the 
vascular bundles of Hakea salicifolia are circularly arranged and only 
adjacent bundles seem to be interconnected to build a dome-shaped 
network in three dimensions. In Hakea sericea, a three-dimensional 
interconnection of the vascular bundles is visible (Schulenberg et al., 
2018). The exact three-dimensional arrangement of the different tissues 
and the course of their vascular bundles have not yet been studied in 
detail particularly with regard to their contribution to the opening 
mechanism. The reproductive strategy of both species, as obligate 
seeders (Brown and Whelan, 1999; Clarke et al., 2009), depend on the 
opening mechanism of their fruits being precisely tuned to the envi-
ronmental conditions, e.g. bush fire events (Williams, 1992a, 1992b). 

X-ray µ-CT is an established method to image biological samples or 
non-biological materials (Mizutani and Suzuki, 2012; Stock, 2008). 
Results are generally segmented to extract regions of interest (ROIs). 
Due to the high number (hundreds to thousands) of 2D images that build 
the 3D image stack, segmentation is usually done by a machine learning 
algorithm (deep learning algorithm or non-deep learning algorithm) 
Pambolini et al. (2020). applied a non-deep learning algorithm to 
illustrate the course of vascular bundles in bamboo nodes, after pre-
paring the image stack with several preprocessing steps. A search for the 

right preprocessing steps can be omitted if a deep learning algorithm (AI 
algorithm) is applied (Chen et al., 2020). This technique has successfully 
been exploited to segment medical CT images (Chen et al., 2020) or µCT 
images of textiles (Zhong et al., 2021) and was used in this work as well. 

We assume that both, spatial arrangement of the different tissues and 
shrinking behaviour of the wood in all three spatial directions determine 
the deformation of drying Hakea fruits. This well-defined deformation 
causes mechanical stress and subsequently cracking and opening of the 
fruit. 

To gain more insight on their inner structure micro computed 
tomographic (µCT) scans of dried fruits of H. salicifolia and H. sericea 
were performed. These scans provide magnified 3D-images that contain 
information on how the various tissues are arranged within the fruits 
and how the vascular bundles are three-dimensionally interconnected. 

2. Materials and methods 

2.1. Fruits 

Fruits to be scanned in the µCT were collected on 14/03/2018 near 
Coimbra, Portugal (N40.177356◦ W8.461170, from four different plants 
within a radius of 30 m, one Hakea salicifolia (Vent.) B. L. Burtt., three 
Hakea sericea Schrad. & J. C. Wendl.). Those for shrinkage experiments 
of H. sericea were from the same lot, whereas the fruits of H. salicifolia 
were collected on 03/07/2020 near Aljezur (N37◦

339109◦W8◦803006◦) and Coimbra (N40.177356◦ W8.461170). For 
sampling, the fruits were collected with approx. 20 cm remaining branch 
pieces of the mother plant. The branches with fruits were stored in 
plastic bags separated by species with moist cloths and stored the same 
day in a refrigerator at approx. 5◦C. The transport to Bocholt, Germany 
was conducted by aeroplane. The material was again stored in a cool 
place at 4.8◦C immediately after arrival. The samples were regularly 
moistened. 

From these samples, some fruits were slowly dried at room temper-
ature and room humidity and were used for the µCT scans. For the scans 
of H. sericea, half fruits (one valve) were used after they had opened. For 
the scans of H. salicifolia, both closed and only slightly opened fruits 
were used. For some fruits, the epidermis and the underlying bark were 
removed down to the wood in order to obtain better transmission of the 
X-rays. Altogether 18 scans of 15 samples were investigated. Figs. 1, 2, 3 
show three typical scans, their resolution and sample characteristics are 
given in Table 1. 

2.2. Micro computed tomography 

The X-ray images of dried Hakea fruits were taken with the micro-CT 
system SkyScan 1272 and SkyScan 1273 (Bruker Corporation, Billerica, 
USA) at the University of Freiburg (FIT - Freiburg Center for Interactive 
Materials and Bioinspired Technologies) and at the RJL Micro & Ana-
lytic GmbH (Karlsdorf-Neuthard, Germany). Due to the limited scanning 
space, the fruits were shortened at the proximal end, i.e. without the 
stalk area, if necessary. In the case of H. sericea, only one of the two 
valves was recorded. 

In the micro-CT scanner, the fruits were fixed on the stage and 
rotated around their proximal-distal axis in steps of 0.3◦ to 0.6◦ until an 
angle of 180◦ or 360◦ was reached. At each step, a cone-beam X-ray 
projection image was created. Subsequently, a three-dimensional image 
in the form of a stack of 2D-slices was reconstructed using the software 
NRecon (version 1.7.0.3, Bruker Corporation, Billerica, USA). According 
to the NRecon user manual, the Feldkamp algorithm was used for this 
purpose (Feldkamp, 1984). The resulting slices were oriented in such a 
way that the axis of rotation of the scan passed through the surfaces 
perpendicularly. In all cases, isotropic voxels resulted. In the recon-
struction step, algorithms for removing ring artefacts, beam hardening 
correction and smoothing (with Gaussian kernel) were also used. Both, 
projection data and reconstructed data were saved lossless in 16-bit 
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greyscale tiff format. In these, pixels or voxels that represent sample area 
or volume with higher X-ray absorbance are assigned to brighter grey-
scale shades. In the following text, the word “pixel” refers to slices and 
“voxel” refers to the volume, although both basically mean the same in 
3D image data that consists of 2D-slices. Sample designations, scan 
resolutions and edge lengths of the reconstructed isotropic voxels are 
listed in Table 1. 

2.3. Reconstruction and segmentation 

The reconstructed 3D images were reduced with the software Fiji 
(Wayne Rasband, National Institutes of Health, USA) to minimal cuboids 
that just completely enclosed the investigated object. In the original 
orientation, vascular bundles were visible in the 2D slice images as 
cross-sections and were difficult to distinguish from other structures in 
cases where they were located close to the surfaces of the fruits. 
Therefore, in the case of H. sericea sample “Hser 1” the 3D image was 
rotated with the Fiji plug-in "TransformJ-Rotate" in such a way that the 
lateral-lateral axis was then perpendicular to the surfaces of the 2D slice 
images and vascular bundles, visible as lines or bands, and became 
better distinguishable from other structures. 

The obtained stack of 2D slice images was segmented using the 

Dragonfly software (version 2020.1, Object Research Systems, Montreal, 
Canada). To do this, one to three complete slices were first segmented 
manually by assigning structures to the pixels through colouring 
(labelling). The labelled data was used to train the "U-Net" deep learning 
model (Ronneberger et al., 2015) by means of the categorical 
cross-entropy loss function. With the obtained preliminary model, one to 
three additional slice images were automatically segmented. At this 
stage the model still assigned a considerable number of incorrect labels 
to the pixels, which were corrected manually. The result provided an 
enlarged training and test data set for the learning process of the model. 
By iterating this process until a maximum of 9 fully segmented slice 
images were available, an increasingly accurate match of the AI’s pre-
diction with the labelled structures could be achieved. 

The distinguished labelled structures were: vascular bundles, divided 
into xylem and phloem, cork, bark (= cortex), seeds, all other tissues (=
wood) and background. The quality of the models for the overall seg-
mentation was evaluated by the value of the categorical accuracy 
metric, which gives the percentage of correctly labelled pixels in relation 
to all labelled pixels. All models used for segmentations of complete 3D 
images labelled at least 99.3% of all voxels correctly. Nevertheless, in 
the final stage the models must be assessed by the human eye if the 
segments of particular interest, such as xylem and phloem in this case, 

Fig. 1. A Greyscale 3D representation of a fruit of H. salicifolia (sample Hsal 1) based on the reconstruction of an X-ray scan with marked positions of the slice images 
shown in B to D, X-ray optically denser materials are shown brighter, shadows have been added to clarify the three-dimensional shape. B Slice image perpendicular to 
the lateral-lateral axis, corresponding to the direction of view in image A from right to left. C Slice image perpendicular to the ventral-dorsal axis, corresponding to 
the direction of view in image A from front to back. D slice image perpendicular to the proximal-distal axis, corresponding to the direction of view in image A from 
bottom to top; red arrows point to typical appearances of the vascular bundle structures: libriform fibres/xylem (light structures), collapsed phloem (dark structures); 
blue arrows point to examples of drying cracks predominantly located adjacent to the fibres or between them; cracks and collapsed phloem build a connected hollow 
structure alongside the fibres; blue scalebars represent a length of 2 mm, respectively. 
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only make up a small proportion (phloem less than 1%, xylem less than 
3% for H. salicifolia and less than 5% for H. sericea) of all voxels in an 
image stack. Erroneous assignments of voxels within these structures 
will only have a minor effect on the loss function. Finally, a complete 
segmentation of an image stack was carried out with the best model in 
each case. 

Finally all segments were manually cleaned from islands of the size 
of 1 pixel up to 100 pixels and from obviously faulty labelled areas. 
Shown segments (Figs. 3 and 4) are based on unsmoothed data but a 
smoothed appearance and artificial lighting was added in the 3D 
rendering process, for better visibility of details. 

2.4. Shrinkage of follicle wood/woody fruit valves 

The shrinkage dimensions in all spatial directions of the fruit valves 
were determined using cuboid samples cut from the lignified and 
thickened sides of the fruit. The cuboid samples contained as much 
mesocarp tissue as possible, excluding endocarp and exocarp. Specimens 
were first precut with a band saw and then ground to final size. For 
H. sericea, the specimens were 10 × 10 × 4.5 mm, and for H. salicifolia 9 
× 9 × 4 mm. The short side of the cuboid corresponds to the lateral- 
lateral orientation. The exact lateral assignments were labeled and 20 
specimens of each species were stored in water until full fiber saturation. 
The specimens were dried in a climatic chamber at a maximum of 103◦C 
until constant weight was reached, and the edge lengths of each orien-
tation (proximal-distal, adaxial-abaxial, lateral-lateral) were measured. 
The change in edge lengths are reported as percent of the original length 

at fiber saturation (Schulenberg, 2018; Schmeing, 2018; Herbers Igarza, 
2020). 

3. Results 

3.1. Arrangement of tissues in the sectional images 

The resolution of the reconstructed images was in the order of 7 µm 
to 22 µm (Table 1). This resolution is sufficient to distinguish between 
the tissues of interest (Figs. 1, 2). For some scans the resolution revealed 
structures at cellular level. 

Based on the reconstruction of X-ray scans, greyscale 3D images are 
shown. Fig. 1A shows a whole, slightly opened fruit of H. salicifolia and 
Fig. 2A shows one valve without epidermis and cortex of H. sericea. Both 
point with the ventral suture towards the observer, which can be rec-
ognised in both species by the brightly highlighted edges, representing a 
tissue with relatively high X-ray absorbance. Examples of corresponding 
sectional views of both species are given in three spatial directions 
(transverse: perpendicular to the proximal-distal axis (green coloured, 
D), radial: perpendicular to the adaxial-abaxial axis (yellow, C), 
tangential: perpendicular to the lateral-lateral axis (blue colured, B)) 
(Figs. 1B-D, 2B-D). 

In the cross-sectional images, from outside to inwards, epidermis, 
cortex, and wood part of H. salicifolia can be seen with clearly visible 
vascular bundles (Fig. 1D). Within the two valves, two seeds lie in seed 
cavities. The ventral suture is at the top in the cross-sectional image and 
shows loosely connected tissue parts. On the opposite dorsal side, the 

Fig. 2. A Greyscale 3D representation of a fruit of 
H. sericea (sample Hser 1) based on the reconstruction 
of an X-ray scan with marked positions of the slice 
images shown in B to D, X-ray optically denser mate-
rials are shown brighter, shadows have been added to 
clarify the three-dimensional shape. B slice image 
perpendicular to the lateral-lateral axis, corresponding 
to the direction of view in image A from right to left. C 
Slice image perpendicular to the ventral-dorsal axis, 
corresponding to the direction of view in image A from 
front to back. D Slice image perpendicular to the 
proximal-distal axis, corresponding to the direction of 
view in image A from bottom to top; red arrows point 
to typical appearances of the vascular bundle struc-
tures: libriform fibres/xylem (light structures), 
collapsed phloem (dark structures, indiscernible in B 
and C); blue arrows point to examples of drying cracks 
predominantly located adjacent to the fibres or be-
tween them; blue scalebars represent a length of 2 mm, 
respectively.   
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fruit opens through a tissue of small strongly lignified cells. In the cross- 
sectional images of H. sericea (Fig. 2D), radially elongated vascular 
bundles extend from the protoxylem to the edge of the outer wood part. 
A thin residual cortex layer is still visible in some places. 

The vascular bundles consist of xylem, phloem and fascicular cam-
bium. Xylem is comprised of tracheids, vessel elements and libriform 
fibres (sclerenchyma fibres). Only the latter are clearly recognisable as 
cellular structures or tissue in the reconstructed images of dried samples 
of both species. The strongly lignified libriform fibres contain almost no 
lumen, show higher X-ray absorbance than the surrounding tissue and 
therefore appear brighter as well as clearly demarcated in reconstructed 
X-ray images. Phloem cells and fascicular cambium, are barely visible in 
the mature pericarp and only remain as small broken structures, as 
already shown in the case of coconut (Schmier et al., 2020). The 
collapsed and destroyed thin-walled cells of the phloem are visible as 
black cavities in the reconstructed images. In the case of H. salicifolia 
those cavities are often connected to drying cracks that are orientated 
perpendicular to the direction of secondary growth. Either these cracks 
are situated between the xylem fibre bundles and the surrounding tissue, 
or in the middle of the xylem fibre bundles (see blue arrows in Fig. 1). 
Similarly, H. sericea shows larger cavities built from drying cracks in or 
at the xylem fibre bundles (see blue arrows in Fig. 2). The cortex of both 
fruits contains cavities and tissue with low X-ray absorbance. In this 
area, phloem and drying cracks are barely distinguishable from the 

surrounding tissue. 
The ring of vascular bundles divides the wood (sclerenchyma) into 

two areas. An inner area that extends from the seed cavities to the 
protoxylem and does not show any vascular bundles and an area in 
which the vascular bundles are embedded and which extends from the 
protoxylem to the cortex. As supported by light microscopic sections 
(not shown) both areas are lignified and characterised by many stone 
cell clusters but lignification of the inner area is stronger, i. e. cell lumina 
are smaller than in the outer area. This difference appears in the X-ray 
reconstructions of H. salicifolia (Fig. 1C and D) as slight difference in 
brightness in which the outer area is darker than the inner area. Due to 
beam hardening a corresponding observation is not possible in the 
shown reconstruction of H. sericea (Fig. 2). 

Besides the ring of vascular bundles whose protoxylem marks the 
border between both tissue areas, H. salicifolia shows further vascular 
bundles in the outer area (Fig. 1D). The already mentioned in-
terconnections of ring vascular bundles are visible in Fig. 1B. Most of 
H. sericea’s vascular bundles can be seen as elongated structures, 
pointing in centrifugal direction (Fig. 2C and D). Further inspection 
reveals that these structures consist of fibre bundles that are periodically 
interrupted by thin sections of less lignified cells. The interconnection of 
the vascular bundles is visible in all shown cross-sections. Close to the 
ventral suture, a few smaller bundles can be found that resemble those of 
H. salicifolia (Fig. 2D). In the stem area of the fruit, the vascular bundles 

Fig. 3. Segmentations of X-ray re-
constructions of H. salicifolia. The region 
of interest crops the fruit at proximal 
and distal side to reduce the amount of 
data at high resolution (sample Hsal 2, 
subfigures A, B and C). A position of 
xylem (white), phloem+cracks+cavities 
(yellow) and seeds (red) inside of the 
partially opened fruit. B only xylem. C 
only phloem, cracks and cavities. D 
Fruit is cropped on the proximal side 
only (sample Hsal 1) – position of xylem 
inside a fruit that remained closed in the 
drying process.   

Table 1 
Information on species, reconstructed voxel sizes, sample characteristics, device and sample label.  

Species voxel size* [µm] reconstructed image Sample characteristics Device Sample label 

H. salicifolia 10.8 Dry, distal segment Bruker 
SkyScan 1272 

Hsal 1 

7.00 Dry, middle segment Bruker 
SkyScan 1273 

Hsal 2 

H. sericea 22.0 Dry, one valve, complete length, from 3 single measurements Bruker 
SkyScan 1272 

Hser 1  

* edge length of isotropic voxels. 
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are arranged in a ring in both species. 

3.2. Segmentation with AI algorithms 

By using deep learning algorithms, it was possible to limit the 
manual work of segmentation to a few images and thus reduce the time- 
consuming work of labelling. In comparison of the different model types 
(DeepLabV3+, FC-DenseNet, Sensor3D, PSPNet, U-Net) provided by the 
Dragonfly software, "U-Net" showed the best categorical accuracy value, 
i. e. the highest percentage of correctly labelled pixels within the test 
data. Models that were used for segmentation of complete 3D images 
labelled at least 99.3% of all voxels correctly. Due to the small differ-
ences in X-ray absorbance between xylem and other tissues, xylem 
segmentation was particularly prone to erroneous labelling. 

3.3. Geometry of the tissues 

The remains of the phloem consist mainly of cavities, and therefore 
can be differentiated from surrounding tissue and the segmentations can 
be easily depicted within the woody area. Where the vascular bundles 
meet the cortex area, differentiation becomes more difficult, as here too 
many cavities and tissues of low X-ray absorbance make the assignment 
of a specific tissue ambiguous. For H. salicifolia this is visible in the 
frayed edges of the yellow coloured segment (phloem, cracks and cav-
ities of the mesocarp) that may also include cavities of the cortex 
(Fig. 3C). The correspondent segment of H. sericea (Fig. 4D) lacks a part 
of phloem bundles that are assumed to trace the outer edges of the xylem 
fibres completely. 

The segmented xylem tissue shows a clear three-dimensional 

interconnectedness in both species. In the middle part of H. salicifolia’s 
fruit, some xylem bundles branch off to build a second ring of xylem 
bundles (Fig. 3B and D). The second ring appears only in this part of 
strongest secondary growth. Both rings build two interconnected dome- 
shaped networks of fibres in each valve. Similarly, the xylem fibre 
bundles of H. sericea build broad bands that are interconnected to a 
dense dome-shaped honeycomb structure in each valve (Fig. 4B and C). 
These bands show an intermittent structure that is clearly visible in the 
exposed band on the right (dorsal) side of  Fig. 4C and matches obser-
vations in CT-slices described in paragraph 3.1 (cf. Fig. 2C and D). In the 
narrow tips of the distal ends of both fruits the vascular bundles are thin 
and not completely visible in the reconstructed images. Fig. 3 shows the 
conspicuous gaps in the network of vascular bundles at the ventral su-
ture and the dorsal side of H. salicifolia, depriving these tissues from 
mechanical stabilisation by woody fibres and predetermining them for 
rupture under mechanical stresses. These gaps are found in H. sericea as 
well. 

Videos of the 3D arrangement of the vascular system of H. salicifolia 
(video 1) and H. sericea (video 2), respectively are provided as supple-
mentary material in the online version, at doi:10.1016/j.flora.2022.1 
52035. 

3.4. Shrinkage data 

The shrinkage data of the woody valves of the fruits show in both 
species a weak shrinkage in the lateral direction, but a strongly pro-
nounced shrinkage in the two other directions. Compared to the lateral 
side shrinkage in proximal-distal direction is higher by a factor of almost 
8 in H. sericea and by a factor of 4 in H. salicifolia (Table 2). H. sericea 

Fig. 4. Segmentations of X-ray reconstructions of H. sericea. To fit into the CT-apparatus only one valve of the fruit without a seed was scanned (sample Hser 1). A 
position of xylem (white) as well as phloem+cracks+cavities (yellow) inside of the fruit valve. B only xylem, same orientation as in subfigure A. C only xylem, view 
from the fruit’s inside. D only phloem, cracks and cavities, same orientation as in subfigure A. 
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shrinks in the proximal-distal direction almost by a factor of two in 
comparison to H. salicifolia. 

4. Discussion 

4.1. Arrangement of tissues in the sectional images 

The resolution of modern µCT devices already resolves down to the 
range of less than 5 µm and can thus make individual cells or even 
subcellular areas visible. In this work voxel sizes of the shown re-
constructions range from 7 µm to 22 µm and thus the assignment of 
pixels to tissues was sufficient and greyscale values of the reconstructed 
µCT images can clearly be assigned to different tissues found in micro-
scopic images. However, the three-dimensional structure of the 
arrangement of different tissues is much easier to follow in the slice 
images and in the three-dimensional segmentations than in individual 
microscopic slice images. From the previous anatomical drawings or 
anatomical sectional images, it was not clear how to visualise the three- 
dimensional cross-linking, now illustrated by the 3D segmentation. 

Morphologically, Filla (1925) classified fruits of the genus Hakea as 
pods with two winged seeds, as they have only one carpel but open via 
both the ventral suture and the dorsal side. Despite this opening 
mechanism the fruits are now classified as follicles, which are charac-
terised by a clear secondary thickening (Johnson and Briggs, 1975). The 
fascicular cambium forms fibres outside the primary xylem and sclereids 
are formed in the interfascicular region (Johnson and Briggs, 1975). The 
two species H. sericea and H. salicifolia are to be assigned accordingly to 
this group of woody fruits. 

The assignment to exocarp, mesocarp and endocarp has not always 
been used consistently to describe Proteaceae fruits. Filla (1925) con-
siders the division into three carpel areas to be untenable and interprets 
the boundary marked by the vascular bundles as the separation of 
exocarp and endocarp. The classification used here follows Johnson and 
Briggs (1975): The tissue formed directly by the inner epidermis of the 
ovary wall is called endocarp. The outer epidermis and all hypodermal 
tissues are called exocarp. The intervening tissue is called mesocarp and 
may have different layers. The main vascular bundle system lies in the 
middle layers of the mesocarp and can reach different extensions. 

Both species examined show a thin macroscopically rust-brown 
coloured endocarp, which surrounds the seed cavity as a thin layer. 
The exocarp is formed by the epidermis and the hypodermal layers, 
which clearly differ in structure and colour from the wood. It is char-
acterised by raised lenticels and is thus warty. In older fruits, the exocarp 
may separate from the wood (Wilson, 1999). The mesocarp lies in be-
tween and can have different light-coloured parts. The outer part of the 
wood contains the vascular bundles and appears macroscopically lighter 
in colour than the inner part, which contains no vascular bundles but 
more stone cell clusters. This border is very sharp and contains the 
protoxylem in both species and can thus be understood as the border 
between primary growth and secondary thickening (Queirós et al., 
2020). 

For Hakea suaveolens, a detailed description of the secondary thick-
ening, which is unique in the family (Johnson and Briggs, 1975), is 
already available from Filla (1925). According to this, for H. suaveolens 

the vascular ring is located in the middle of the thick pericarp, numerous 
stone cell clusters are interspersed at a young age, already during pri-
mary thickness growth, and show radial elongation. Next older stages 
show a typical secondary thickness growth with fascicular and inter-
fascicular cambium. Older stages show a huge increase in secondary 
wood formed by the interfascicular cambium. In the vascular bundle, the 
cambium forms mighty rows of libriform fibres. In semi-mature fruits, a 
second meristem develops under the epidermis, a phellogen, which 
quickly forms a thick periderm armour with large lenticels (Filla, 1925). 

The species Hakea salicifolia and Hakea sericea discussed here show 
basically the same structure (Schulenberg et al., 2018) and may there-
fore represent a general “bauplan” of strongly lignified serotinous fruits 
in the genus Hakea. 

4.2. Segmentation with AI algorithms 

Even with the assistance of the various filter algorithms, manual 
segmentation of reconstructed µCT-images is an error-prone process and 
highly time consuming compared to automatic segmentation by the 
means of deep learning algorithms. The latter may be kept simple when 
the greyscale values of the regions of interest (or those of their edges at 
least) are strongly different from those of the surrounding parts in the 
reconstructed images, i.e. with strong differences in X-ray absorbance. 
For special cases, there are also ready-made program solutions available. 
Particularly in the casting industry, work pieces often have to be 
inspected for casting cavities. The difference in density between the 
casting cavities and the cast material is large. Special software with AI 
support is therefore already standard for material testing in order to find 
defects in cast components (Du et al., 2021). 

The automatic segmentation of plant tissues, especially tissues with 
very small differences in optical density and in greyscale values, 
respectively, is possible via deep learning algorithms. The U-Net deep 
learning model used for this work segments X-ray reconstructions 
slightly less accurately than a human being. This is not a surprise since 
the accuracy is measured in comparison to manual segmentation. Be-
sides, as long as the training data are prepared by human beings, the 
deep learning model will not exceed human accuracy. Nevertheless, the 
time saving of automatic segmentation outbalances its loss in accuracy. 

4.3. Geometry of the tissues 

The 3D renderings from segmented µCT-reconstructions of both 
species give new insight to the structure of the vascular bundles. In 
microscopic sections the dome-shaped network of vascular bundles of 
the inner ring of H. salicifolia has been seen (Filla, 1925; Schulenberg 
et al., 2018). On the other hand, the seemingly scattered vascular bun-
dles in the outer area have not been expected to build a second 
dome-shaped network that is interconnected with the first. Furthermore, 
the dome-shaped honeycomb structure of H. sericea’s vascular bundles 
has not been seen before. Furthermore, the vascular bundles of both 
species show no interconnection between the two lateral valves of the 
fruit but leave gaps for predetermined fracture tissues on the ventral and 
dorsal side. The observable structures of xylem fibres may increase 
mechanical stability, at the same time they must allow or even facilitate 
the opening mechanism to take place. 

4.4. Kinematics of the opening mechanism 

In each valve of a Hakea fruit is a deep seed cavity with a winged 
seed, similar to conifer seeds (Filla, 1925). Only through the complete 
opening of the fruit, for which the separation at ventral suture and dorsal 
side is necessary, can the seeds be freed by wind or gravity. The forces 
that act here can only be applied via tensions that have to be generated 
in the surrounding tissue. Already Filla (1925) noted the tissue of the 
fruit is arranged in a way to create tensions acting perpendicularly on 
the dorsal fracture area. The fracture area of the dorsal side contains 

Table 2 
Degree of shrinkage in the wood of lateral thickenings from H. sericea and 
H. salicifolia.   

Degree of shrinkage ± Standard deviation  

H. sericea (n=20)1 H. salicifolia (n=20)2 

proximal-distal -11,31 % ± 2,8 % -6,6 %± 1,6 % 
abaxial-adaxial -8,79 % ± 1,74 % -5,2 %± 1,7 % 
lateral-lateral -1,48 % ± 0,57 % -1,6 %± 2,3 %  

1 Data for H. sericea from (Schmeing, 2018; Schulenberg et al., 2018). 
2 Data for H. salicifolia from (Herbers Igarza, 2020). 
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cells that are arranged along the proximal-distal axis, while the tissue 
directly adjacent to this area is oriented perpendicular to the axis (Filla, 
1925). An initial crack perpendicular to the opening as observed for 
Banksia is not visible (Huss et al., 2018). 

The opening of the fruits after a fire or after separation from the 
mother plant can be explained by the anisotropic shrinkage in the two 
valves of the fruit. However, H. sericea shows a more pronounced 
shrinkage behaviour than H. salicifolia. Although both species open 
under comparable conditions, differences arise in speed and dependence 
on fire. This agrees with the observation, that under the same drying 
conditions, H. sericea opens after fewer days than H. salicifolia 
(Richardson et al., 1987). 

The complex 3D geometry of the vascular system could also play a 
role here. In both species, the vascular bundles are characterised by 
libriform fibres whose cells show practically no lumen, and the cell walls 
are strongly lignified (Figs. 1, 2), also shown in stained microtome 
sections (Schulenberg et al., 2018). The complex 3D network of the 
vascular system is more pronounced in H. sericea than in H. salicifolia, 
the vascular bundles are more interconnected and broadened, and the 
intervening tissue occupies smaller areas. In the lateral direction, the 
two species show a similar degree of shrinkage, while the other two 
directions shrink more in H. sericea than in H. salicifolia. The quantity 
and arrangement of the vascular bundles could be responsible for the 
anisotropic shrinkage (Masselter et al., 2021), whereby stresses are 
exerted especially perpendicularly on the opening sides of the fruits, 
which subsequently apply sufficient force to open the fruits, even along 
the dorsal side through the lignified mesocarp. Furthermore, anisotropic 
movement patterns in wood are caused by the arrangement of tissues 
characterised by different microfibril angles in the cells. Longitudinal 
shrinkage is associated with high microfibril angles (>45◦), whereas low 
microfibril angles react in a more stable way (Burgert and Fratzl, 2009; 
Alméras and Clair, 2016; Eder et al., 2021). Different microfibril angles 
in meso- and endocarp for Banksia attenuata imply a bilayer system 
responsible for the opening upon shrinkage (Huss et al., 2018); similar 
examples exist for pine cones (Dawson et al., 1997), wheat awns 
(Elbaum et al., 2007) and others, summarized in (Elbaum and Abraham, 
2014). 

Whether different microfibril angles between the vascular bundle 
system and the intervening tissue or between the differently bright 
mesocarp areas are responsible for the opening of Hakea fruits needs to 
be examined. According to the shrinkage data, we assume that the 
microfibril angles are higher in the lighter mesocarp, which is inter-
spersed with vascular bundles, in comparison to the the darker meso-
carp, which contains hardly any vascular bundles, and thus this bilayer 
system leads to the observed opening of the fruits during desiccation. 

5. Conclusion 

The opening of the fruits can technically be explained solely by the 
anisotropic shrinkage of a homogeneous material. However, the preci-
sion of the opening behaviour along the dorsal side through lignified 
mesocarp suggests that the 3D arrangement of the vascular system is 
partly responsible for this precision. It is precisely in the area of the 
dorsal suture that the 3D network of the vascular bundles is not inter-
connected. The vascular bundles lie parallel in proximal-distal align-
ment without cross-connections. 

Whether the vascular system itself or the intervening tissues, or the 
arrangement of both, are responsible for the anisotropic shrinkage is to 
be determined via simulations, models and finite element analyses 
(Palombini et al., 2020; Masselter et al., 2021). Segmentation data will 
be used to create 3D printed models of the different tissue components. 
These models can be subjected to different mechanical stress tests to get 
a better understanding of their dynamics in the opening mechanism and 
shed further light on the dynamics of the opening and on the underlying 
structure-function-relationship. 

Beyond the pure insight into natural solutions to mechanical 

problems, the comprehension of their opening mechanisms may 
contribute to the fight against the expansion of H. salicifolia and 
H. sericea in areas where they are considered invasive species (March-
ante et al., 2021). Furthermore, the opening-mechanisms may be 
transferred to technical products. They could be used to generate tech-
nical predetermined breaking points or to design coupling effects in fibre 
composite materials specifically according to the desired mechanical 
properties. 
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von Früchten der Gattung Hakea, in: Tagungsband zum Bionik-Kongress: Patente aus 
der Natur. Bionik-Kongress: Patente aus der Natur 205–209. Bremen. 26.- 
27.10.2018Meiners-Druck, Bremen.  

Seale, M., Nakayama, N., 2019. From passive to informed: mechanical mechanisms of 
seed dispersal. New Phytol. 225 (2), 653–658. https://doi.org/10.1111/nph.16110. 

Stock, S.R., 2008. Recent advances in X-ray microtomography applied to materials. Int. 
Mater. Rev. 53 (3), 129–181. https://doi.org/10.1179/174328008X277803. 

Teixeira, G., Monteiro, A., Pepo, C., 2008. Leaf morphoanatomy in Hakea sericeae and H. 
salicifolia. Microsc. Microanal. 14 (S3), 109–110. 

Williams, P.A., 1992a. Hakea salicifolia: Biology and role in succession in Abel Tasman 
National Park, New Zealand. J. R. Soc. N. Z. 22 (1), 1–18. https://doi.org/10.1080/ 
03036758.1992.10420814. 

Williams, P.A., 1992b. Hakea sericea: Seed production and role in succession in Golden 
Bay, Nelson. J. R. Soc. N. Z. 22 (4), 307–320. https://doi.org/10.1080/ 
03036758.1992.10420824. 

Flora of Australia. Volume 17B. In: Wilson, A. (Ed.), 1999. Protaceae 3, Hakea to 
Dryandra. CSIRO, Melbourne, p. 444. 

Zhang, Q., Tu, B., Liu, C., Liu, X., 2018. Pod anatomy, morphology and dehiscing forces 
in pod dehiscence of soybean (Glycine max (L.) Merrill). Flora 248, 48–53. https:// 
doi.org/10.1016/j.flora.2018.08.014. 

Zhong, Q., Zhang, J., Xu, Y., Li, M., Shen, B., Tao, W., Li, Q., 2021. Filamentous target 
segmentation of weft micro-CT image based on U-Net. Micron 146, 102923. https:// 
doi.org/10.1016/j.micron.2020.102923. 

M. Fischer and H. Beismann                                                                                                                                                                                                                 

https://doi.org/10.1016/j.plantsci.2014.03.014
https://doi.org/10.1016/j.plantsci.2014.03.014
https://doi.org/10.1126/science.1140097
https://doi.org/10.1126/science.1140097
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0014
https://doi.org/10.1016/S0367-1615(17)33450-X
https://doi.org/10.1016/S0367-1615(17)33450-X
https://doi.org/10.1111/j.1442-9993.1997.tb00682.x
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0017
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0017
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0017
https://doi.org/10.1111/nph.17299
https://doi.org/10.1002/advs.201700572
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0020
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0020
https://doi.org/10.1111/1365-2745.13436
https://doi.org/10.1111/1365-2745.13436
https://doi.org/10.1016/j.ppees.2016.05.002
https://doi.org/10.1016/j.ppees.2016.05.002
https://doi.org/10.1007/BF02858770
https://doi.org/10.1080/07352689.2020.1768465
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0025
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0025
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0025
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0025
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0026
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0026
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0026
https://doi.org/10.3390/biomimetics6020033
https://doi.org/10.3390/biomimetics6020033
https://doi.org/10.1016/j.micron.2011.10.002
https://doi.org/10.1557/jmr.2019.117
https://doi.org/10.1557/jmr.2019.117
https://doi.org/10.1111/nph.12921
https://doi.org/10.1007/s12649-019-00818-3
https://doi.org/10.1007/s12649-019-00818-3
https://doi.org/10.1007/BF00378706
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0034
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0034
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0034
https://doi.org/10.3390/molecules25010223
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0036
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0036
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0036
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0036
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0036
https://doi.org/10.1111/nph.16110
https://doi.org/10.1179/174328008X277803
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0038
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0038
https://doi.org/10.1080/03036758.1992.10420814
https://doi.org/10.1080/03036758.1992.10420814
https://doi.org/10.1080/03036758.1992.10420824
https://doi.org/10.1080/03036758.1992.10420824
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0041
http://refhub.elsevier.com/S0367-2530(22)00032-9/sbref0041
https://doi.org/10.1016/j.flora.2018.08.014
https://doi.org/10.1016/j.flora.2018.08.014
https://doi.org/10.1016/j.micron.2020.102923
https://doi.org/10.1016/j.micron.2020.102923

	3D characterization of the complex vascular bundle system of Hakea fruits based on X-ray microtomography (µCT) for a better ...
	1 Introduction
	2 Materials and methods
	2.1 Fruits
	2.2 Micro computed tomography
	2.3 Reconstruction and segmentation
	2.4 Shrinkage of follicle wood/woody fruit valves

	3 Results
	3.1 Arrangement of tissues in the sectional images
	3.2 Segmentation with AI algorithms
	3.3 Geometry of the tissues
	3.4 Shrinkage data

	4 Discussion
	4.1 Arrangement of tissues in the sectional images
	4.2 Segmentation with AI algorithms
	4.3 Geometry of the tissues
	4.4 Kinematics of the opening mechanism

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	Supplementary materials
	References


