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Summary

� Amphicarpy is an unusual trait where two fruit types develop on the same plant: one above

and the other belowground. This trait is not found in conventional model species. Therefore, its

development and molecular genetics remain under-studied. Here, we establish the alloocto-

ploid Cardamine chenopodiifolia as an emerging experimental system to study amphicarpy.
� We characterized C. chenopodiifolia development, focusing on differences in morphology

and cell wall histochemistry between above- and belowground fruit. We generated a refer-

ence transcriptome with PacBio full-length transcript sequencing and analysed differential

gene expression between above- and belowground fruit valves.
� Cardamine chenopodiifolia has two contrasting modes of seed dispersal. The main shoot

fails to bolt and initiates floral primordia that grow underground where they self-pollinate and

set seed. By contrast, axillary shoots bolt and develop exploding seed pods aboveground.

Morphological differences between aerial explosive fruit and subterranean nonexplosive fruit

were reflected in a large number of differentially regulated genes involved in photosynthesis,

secondary cell wall formation and defence responses.
� Tools established in C. chenopodiifolia, such as a reference transcriptome, draft genome

assembly and stable plant transformation, pave the way to study amphicarpy and trait evolu-

tion via allopolyploidy.

Introduction

Seed dispersal strategies vary widely between different plants. In
flowering plants, seeds are encased in fruit for protection and dis-
persal, and fruit diversity reflects the many different adaptations
for dispersal found in nature. Fruit of the model plant Arabidop-
sis are dry siliques that open by dehiscence and seeds are released
once the fruit structure falls apart (Dinneny et al., 2005). Genetic
tools in Arabidopsis have been immensely useful for studying
fruit development and the tissue patterning required for dehis-
cence (Ferr�andiz et al., 2000; Liljegren et al., 2000, 2004). How-
ever, only a fraction of the diverse seed dispersal strategies found
in nature are accessible through the study of model organisms.

Comparative approaches extend the reach of developmental
genetics by developing new tools in less well-studied species. For
example, Cardamine hirsuta is a relative of Arabidopsis with
many divergent traits and genetic tools to study them (Hay &
Tsiantis, 2006; Hay et al., 2014; Vlad et al., 2014; Monniaux
et al., 2018; Kierzkowski et al., 2019; Baumgarten et al., 2023).
Explosive seed dispersal is one such trait that distinguishes C. hir-
suta from Arabidopsis. Seeds are launched at speeds > 10 ms�1

by the explosive coiling of C. hirsuta fruit valves (Hofhuis
et al., 2016). This rapid movement spreads seeds across a large
area, which is an efficient dispersal strategy for a ruderal weed.

Explosive seed dispersal is a derived trait, shared by Cardamine
species in the Brassicaceae. A novel pattern of lignified secondary

cell walls evolved in strict association with this trait (Hofhuis
et al., 2016). In Arabidopsis and other Brassicaceae species with
nonexplosive fruit, an inner layer of the fruit valve, called the
endocarp b, is formed by cells with uniformly lignified secondary
cell walls (Spence et al., 1996; Hofhuis et al., 2016). By contrast,
this same cell wall is deposited in a distinctive polar pattern in
Cardamine species with explosive fruit (Hofhuis et al., 2016).
Genetics and mathematical modelling in C. hirsuta have shown
that this polar pattern of lignin deposition provides a mechanism
to rapidly release built-up tension in the valves via explosive coil-
ing (Hofhuis et al., 2016; P�erez Ant�on et al., 2022).

Seed dispersal strategies can also vary within a single plant
through the development of two or more fruit/seed morphs. This
heteromorphy is exhibited by hundreds of flowering plant species
and often described as a bet-hedging strategy (Imbert, 2002; Gia-
nella et al., 2021). Plants ‘hedge their bets’ by following more
than one dispersal strategy to increase their chances of success in
variable environments. In the Brassicaceae, for example, Dipty-
chocarpus strictus and Aethionema arabicum develop both dehis-
cent and indehiscent fruit on the same plant (Lu et al., 2010,
2015; Lenser et al., 2016). The dehiscent fruit in Aethionema ara-
bicum release mucilaginous seeds that germinate quickly, while
indehiscent fruit each produce a single seed that is not released
and has delayed germination (Lenser et al., 2016).

Amphicarpy is a specific type of heteromorphy where one fruit
morph is buried underground. Underground fruit, or geocarpy, is a
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strategy used by a number of species for seed dispersal, such as the
agronomically important peanut plant (Arachis hypogaea, Zhuang
et al., 2019). In contrast to this, amphicarpy is a dual strategy, com-
bining the advantages of both aerial and subterranean fruit for seed
dispersal (Cheplick, 1987). Amphicarpy is a rare trait that evolved
independently in different groups of flowering plants, particularly in
the Fabaceae family (Kaul et al., 2000; Zhang et al., 2020; Liu
et al., 2021). For example, the legume Amphicarpaea edgeworthii is
an amphicarpic plant with a sequenced genome (Liu et al., 2021).
Within the Brassicaceae family, one amphicarpic species belongs to
the Cardamine genus. Cardamine chenopodiifolia is an annual plant,
native to South America, that is easily cultivated in glasshouse con-
ditions (Persoon, 1807; Gorczy�nski, 1930; Cabrera, 1967; Che-
plick, 1983). A recent chromosome-level genome assembly
indicates that C. chenopodiifolia is allooctoploid, comprising four
sub-genomes of eight chromosomes each (Emonet et al., 2024).

Polyploidy, or whole-genome duplication, is a common evolu-
tionary process (Soltis et al., 2016). Most diploid organisms have
polyploid ancestors and about one third of plant species are exam-
ples of recent polyploidization (Van de Peer et al., 2017). Cardamine
chenopodiifolia is a naturally occurring allopolyploid, derived from
the hybridization of different species (Manton, 1932; Emonet et al.,
2024). Many crop species are also polyploid, suggesting that the
rapid genetic and genomic changes associated with whole-genome
duplication may confer advantages for trait evolution (Van de Peer
et al., 2021). However, many trait novelties, such as amphicarpy, are
under-studied because the complexity of polyploid genomes makes
it difficult to link genotype to phenotype with functional studies.

An interesting feature of amphicarpic development in C. che-
nopodiifolia is that it combines both explosive and nonexplosive
seed dispersal. It partitions these two very different modes of seed
dispersal between explosive aerial fruit and nonexplosive subterra-
nean fruit. Comparing both traits within the same plant provides
a complementary approach to comparisons between Arabidopsis
and C. hirsuta. In particular, comparative transcriptomics
between two fruit morphs encoded by a single genome, bypasses
many of the challenges inherent to between-species comparisons.
For these reasons, we characterized amphicarpic development in
C. chenopodiifolia, focusing on the differences in morphology,
cell wall histochemistry and gene expression profiles that differ-
entiate aerial and subterranean fruit. This work establishes
resources in C. chenopodiifolia as an emerging experimental sys-
tem and identifies differences in secondary wall deposition in the
fruit endocarp between the two fruit types as important determi-
nants of explosive vs nonexplosive seed dispersal.

Materials and Methods

Plant and growth conditions

Cardamine chenopodiifolia Pers. seeds (Ipen: XX-0-MJG-19-
35 600) were obtained from the Botanic Garden of the Johannes
Gutenberg University, Mainz, Germany. To improve germina-
tion, aerial seeds were germinated in long days on ½ Murashige
and Skoog (MS) plates after 7 d stratification, then 1-wk-old
seedlings were transferred to soil and grown in long-day

(16 h : 8 h, light : dark, 20°C : 18°C; 65% humidity) or
short-day conditions (8 h : 16 h, light : dark, 20°C : 18°C,
65% humidity). For magnetic resonance imaging (MRI), seed-
lings were transferred to Speyer 2.1 soil (loamy sand, sieved to
2 mm, brand name Sp2.1, Landwirtschaftliche Untersuchungs-
und Forschungsanstalt Speyer, Speyer, Germany) and grown in a
glasshouse under long-day conditions.

Plant transformation

DR5v2::NLS-tdTomato construct in a modified pPZP200 vector
(Bhatia et al., 2023) was transformed into C. chenopodiifolia
by floral dip (Clough & Bent, 1998). Eighty plants were trans-
formed, and T1 transformants were selected with basta treatment.

Seed, fruit and plant phenotyping and staging

Forty plants were grown over a period of 6 wk, and their charac-
teristics monitored every 1 or 2 d (see Supporting Information
Methods S1 for details). At 44–53 d postgermination (dpg), 17
plants were used to count aerial and subterranean fruit, measure
fruit width and length, and ascribe fruit stages. A MARVIN seed
counter was used to count and measure seed weight and dimen-
sions of dry aerial and subterranean seeds from 4 plants.

Mucilage assay

Seed mucilage was stained with 0.01% ruthenium red solution
(McFarlane et al., 2014) and imaged under a Niko SMZ18 bino-
cular with SHR Plan Apo 1.69WD30 objective.

Photography

Photographs of plants at different stages were taken with a Nikon
D800 equipped with either AF-S Micro NIKKOR 105 mm
1 : 2.8 G ED or AF-S NIKKOR 24–85 mm 1 : 3.5–4.5 G
objectives.

Microscopy

Brightfield microscopy was performed using a Zeiss Axio Imager
M2 upright microscope (Oberkochen, Germany) with EC Plan-
Neofluar 109/0.3, 209/0.5 or 409/0.75 objectives. Confocal
laser scanning microscopy (CLSM) was performed on a Leica
TCS SP8 with HC PL FLUOTAR (109/0.30 dry) and HCX PL
APO lambda blue (639/1.20 water) objectives. Excitation and
detection windows were set as follows: for visualization of lignin
and cellulose: calcofluor (405 nm, 425–475 nm) and basic fuch-
sin (561 nm, 600–650 nm). Images were processed using FIJI
software (Schindelin et al., 2012). Scanning electronic micro-
scopy was performed using a Zeiss Supra 40VP microscope.

Histochemistry

For toluidine blue staining, shoot apices, subterranean flowers
and aerial and subterranean fruit at stages 17a and 17b were
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fixed, embedded in LR White, sectioned, stained and imaged by
light microscopy (Neumann & Hay, 2019). To visualize lignin
by CLSM, 100–150 lm transverse sections were cut using a
Leica Vibratome VT1000 S, immediately fixed and cleared using
an adapted Clearsee protocol with Basic Fuchsin and Calcofluor
white staining (Ursache et al., 2018; P�erez Ant�on et al., 2022).
For SEM, plant material was fixed in 4% glutaraldehyde, dehy-
drated through an increasing ethanol series and critical point
dried using a Leica CPD300 critical point dryer. Samples were
mounted and sputter coated with platinum using a Polaron SC
7640 sputter coater.

High-speed video

Explosive pod shatter was filmed with a high-speed camera (Pho-
tron Fastcam SA3 120KM2; Photron Europe Ltd, Bucks, UK)
fitted with a 100 mm F2.8 lens and recorded at 10 000 frames
s�1 (Methods S1).

Time-lapse photography of subterranean fruit

Four-week-old C. chenopodiifolia plants were grown in a trans-
parent chamber and roots and subterranean fruit were imaged
every 30 min with a Canon EOS 700D camera equipped with
an EF-S 18–55 mm f/3.5–5.6 lens (Methods S1).

Magnetic resonance imaging

MRI was performed at J€ulich Forschungszentrum GmbH, J€ulich,
Germany, using a vertical bore 4.7 T magnet (Magnex, UK), on
10-wk-old plants grown in soil whose humidity was maintained
constant at 70% of maximum water holding capacity
(WHCmax; Pflugfelder et al., 2022), image resolution: 0.3
9 0.3 9 0.6 mm3; echo time: 9 ms, repetition time: 2 s and
field of view: 77 9 77 9 84 mm3.

RNA-seq analysis

RNA of aerial and subterranean fruit valves (stages 16–17a and
17ab) was extracted from three biological replicates using
SpectrumTM Plant Total RNA kit (Sigma-Aldrich). Using the
same method for RNA extraction, additional samples were har-
vested from nine different tissue types, three different hormo-
ne/elicitor treatments and light vs dark treatment of
subterranean fruit valves. For long-read sequencing of all RNA
samples, full-length complementary DNA (cDNA) synthesis
was performed with TeloPrime Full-Length cDNA Amplifica-
tion Kit (Lexogen; Cartolano et al., 2016). Three
single-molecule real-time (SMRT) bell libraries (Pacific Bios-
ciences, Menlo Park, CA, USA) were prepared with the IsoSeq
protocol and sequenced on PacBio Sequel II at the Max Planck
Institute for Plant Breeding Research Genome Centre. PacBio
IsoSeq data were demultiplexed and used to build a C. chenopo-
diifolia fruit reference transcriptome using SMRTLINK

(v.10.2.0.133434), TAMA (tc_version_date_2019_11_19; Kuo
et al., 2020), MINIMAP2 (v.2.20-r1061; Li, 2018) and C.

chenopodiifolia genome assembly information (Emonet
et al., 2024). The transcriptome was annotated using TAMA
and the UniRef90 database (Suzek et al., 2007). For short-read
sequencing of RNA from aerial and subterranean fruit valves
(stage 16–17a and 17ab), the cDNA synthesis, Stranded Poly-A
selection library preparation (two-sided, 150 bp) and sequen-
cing were carried out by Novogene using the Illumina Nova-
Seq6000 platform. Paired-end short reads were quality-checked,
mapped to the C. chenopodiifolia reference transcriptome using
default settings and quantified using SALMON (v1.8.0; Patro
et al., 2017). Differential expression analysis was performed
with EDGER (v.3.42.4; Chen et al., 2016). Cluster and Gene
Ontology (GO) analyses were carried out using CLUSTERPROFI-

LER (v.4.4.4; Wu et al., 2021). GO annotations were retrieved
by BLASTP (v.2.11.0+) using the Arabidopsis thaliana protein
database (GCF_000001735.4) and complemented with GO
terms retrieved from UniRef90. In addition, C. chenopodiifolia
short reads were also mapped to the C. hirsuta genome (Gan
et al., 2016) and differential expression, GO and cluster analyses
performed. For details, see Methods S1.

Statistical analysis

All statistical analyses were carried out using R (v.4.2.1) and
RSTUDIO (v.2022.07.1; R Core Team, 2022).

Results

Amphicarpy: above- and belowground fruit

Two different types of fruit develop in C. chenopodiifolia: one type
aboveground and the other belowground (Fig. 1a,e,f). Cardamine
chenopodiifolia has a rosette flowering habit where the main shoot
does not bolt (Fig. 1a–d). Subterranean fruit are derived from
floral buds that develop at the inflorescence meristem on the main
shoot (Fig. 1b–e). Each floral bud is immediately propelled into
the soil by differential growth and rapid elongation of its pedicel
(Fig. 1c; Video 1). When viewed from above, the pedicels extend
downwards from the shoot apex, anchoring the rosette into the
soil (Fig. 1d). Gravitropic growth of each pedicel continues
underground to reach an average length of 5 cm (Fig. 1e,i). These
pedicels have large cortical cells with Casparian strip-like lignin
deposition in the innermost cortical cell layer surrounding the
vasculature, which is absent in the pedicels of aerial fruit (Figs 1h,
S1D). About 20 subterranean fruits develop in our standard
growth conditions before termination of the inflorescence meris-
tem (Fig. 1g). The first fruit produced usually grow close to the
main root, while later fruit spread out around the periphery of the
root system (imaged in situ by MRI, Video 2).

Aerial fruit, instead, are derived from flowers that develop on
axillary shoots, which grow upwards away from gravity (Fig. 1a).
These shoots form in the axils of rosette leaves. The rosette of
C. chenopodiifolia generally comprises seven large, lobed leaves,
arranged in a spiral phyllotaxy (Figs 1a,j, S1C,E). Soon after the
transition to flowering, the growth of axillary meristems is
released and five to six axillary shoots grow out (Figs 1d, S1A–C).
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We found that flowering was accelerated in long-day compared
with short-day photoperiods, indicating that C. chenopodiifolia is
a long-day plant (Fig. 1k,l). In long-day conditions, floral buds
were first visible at the main shoot apex 21 dpg and aerial flowers

were first observed on axillary shoots at 40 dpg (Fig. S1A,B). An
average of 24 aerial fruits develop from the flowers on each shoot,
excluding additional fruit that form on secondary branches
(Fig. 1g).

Video 1 Time-lapse photography of Cardamine

chenopodiifolia subterranean fruit growing in soil over
26 d.

Video 2 Magnetic resonance imaging of Cardamine
chenopodiifolia subterranean fruit growth in soil.
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Fig. 1 Cardamine chenopodiifolia is amphicarpic. (a) C. chenopodiifolia plant at 60 d postgermination (dpg). Arrow indicates aerial fruit. Dashed box
indicates position of main shoot apex. (b) Toluidine blue-stained longitudinal section through the inflorescence meristem of the main shoot apex. F, flower.
(c) Top view of shoot apex of a 3-wk-old plant, with each floral bud propelled down into the soil by gravitropic growth of its pedicel. F, flower. (d) Top
view of shoot apex of a 4-wk-old plant, with floral pedicels growing down into the soil and axillary shoots growing up out of the rosette. (e) Subterranean
fruit and flowers borne on long pedicels, and roots, after soil removal from a 7-wk-old plant. (f) Aerial (left) and subterranean (right) fruit together with
pedicels. Valve detached from aerial fruit coils explosively, while subterranean valve does not. (g) Box plot of number of fruit per stem in aerial and
subterranean fruits. Plots show median (thick horizontal lines), n = 30–40 plants at c. 80 dpg. Differences between fruit morphs were analysed using the
Wilcoxon test, P = 1.111e�07. (h) Confocal laser scanning micrographs of 100 lm transverse sections of aerial and subterranean pedicels stained with
calcofluor white (cellulose, cyan) and basic fuchsin (lignin, Red Hot LUT). Localized lignin deposition in the innermost cortical cell layer surrounding the
vasculature in subterranean pedicels, indicated by white arrowheads and in close-up view below. (i) Box plot of pedicel length in aerial and subterranean
fruits. Plots show median (thick horizontal lines), n = 30–40 plants at c. 80 dpg. Differences between fruit morphs were analysed using the Wilcoxon test,
P = 2.711e�14. (j) Heteroblastic series of rosette leaves and first cauline leaf in a 7-wk-old plant. (k, l) Box plots of flowering time, scored as the
appearance of first floral bud at the main shoot apex (dpg) (k), and number of leaves at flowering time (l) for plants grown in long-day (LD) or short-day
(SD) conditions. Plots show median (thick horizontal lines), n = 24 plants per photoperiod. Differences between photoperiods were analysed using the
Wilcoxon test, P = 3.811e�09 (k), P = 6.579e�06 (l). Bars: 10 cm (a), 100 lm (b), 1 mm (c), 1 cm (d–f), 200 lm (h), 20 lm (close-up, h), 5 mm (j).
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Endocarp b lignification differs between fruit morphs

Both of the fruit morphs in C. chenopodiifolia are dehiscent sili-
ques, but they employ different mechanisms of seed dispersal.
Seeds are dispersed over a large area by explosive coiling of the
two valves in aerial fruit (Video 3). The first aerial fruit explode
after 11 wk of growth in long-day conditions (Fig. S1B). By con-
trast, subterranean fruit develop over a much longer period and
dehisce nonexplosively to release their seeds underground long
after all aerial fruit have exploded.

The two fruit morphs look very different: aerial fruit are elon-
gated and green, while subterranean fruit are short and white
(Figs 1f, 2a–c). Despite these differences, both fruit morphs elon-
gate from stage 16 to 17a, then expand in girth during stage
17ab while the fruit tissues stiffen due to lignin deposition
(Fig. 2a,f). Although these stages of fruit development are consid-
erably longer in subterranean than aerial fruit, both fruit types
reach their final size at stage 17b when the endocarp b is comple-
tely lignified (Fig. 2a–f). However, the last stages of development
differ between the two morphs. Aerial fruit become yellow at
stage 18 and have explosively released their seeds by stage 19,
while subterranean fruit continue to develop and lignify through
to stage 19, at which point they dry and dehisce to release their
seeds (Fig. 2a,f).

Aerial fruit valves have a specific pattern of secondary cell
wall lignification that is known to be critical in C. hirsuta for
valves to explosively coil (Hofhuis et al., 2016; P�erez Ant�on
et al., 2022). The valves of both C. chenopodiifolia fruit
morphs comprise one exocarp cell layer, several layers of meso-
carp cells and two endocarp cell layers, a and b, and it is these
endocarp b cells that have a lignified secondary cell wall
(Fig. 2d,e). In aerial fruit, the secondary cell wall is deposited
only on the adaxial side of endocarp b cells (Fig. 2d–f). Lignin
is deposited in a thin line that forms a ‘U’ in cross-section at
stage 17ab of fruit development (Fig. 2f). By stage 17b, this
lignified wall is very thick, but disrupted by two thin hinges at
the base of the ‘U’ (Fig. 2f).

Subterranean fruit valves, instead, have one to three endocarp
b cell layers with a uniform secondary cell wall pattern (Fig. 2d–f).
Lignification initiates in cell corners at stage 17ab, but does not fill
the apoplastic space between cells (Fig. 2f). Lignin deposition then
continues throughout the cell wall, resulting in a uniformly thick-
ened secondary cell wall by stage 17b (Fig. 2f). Multiple endocarp
b cell layers can form in subterranean fruit valves, and although
these cell layers are present in aerial fruit valves, they do not differ-
entiate a lignified secondary cell wall (Fig. 2d,e). Therefore, the
two fruit morphs differ not only in the initiation and patterning of
endocarp b lignification, but also in the specification of endocarp
b cell fate.

As subterranean fruit desiccate from stage 18 onwards, a small
amount of lignin is deposited in mesocarp cell walls that are adja-
cent to endocarp b cells (Fig. 2f). Lignification of valve margin
cells also begins at this stage in order to form a dehiscence zone
between the replum and each valve (Figs 2b, S2A,B). In aerial
fruit, by contrast, valve margin cells are fully lignified much ear-
lier at stage 17b, when the lignification of endocarp b and replum
cells is also completed (Figs 2b, S2A,B). Another conspicuous
difference between the two fruit morphs is the sudden collapse of
endocarp a cells between stages 17a and 17b in the valves of sub-
terranean fruit, but not aerial fruit (Fig. 2d,e).

Seeds and flowers differ between fruit morphs

Seeds that develop in aerial vs subterranean fruit are distinguished
by many characteristics related to their different modes of disper-
sal. Each aerial fruit contains c. 20 seeds compared with an aver-
age of only two seeds in subterranean fruit (Fig. 3a). These
subterranean seeds are larger and heavier than aerial seeds
(Fig. 3b–e). Aerial seeds are shaped like flattened discs compared
with the more oval shape of subterranean seeds (Fig. 3b,f). More-
over, aerial seeds release a large amount of mucilage, compared
with subterranean seeds, upon imbibition (Fig. 3g). This is
reflected in a large difference in the amount of mucilage pro-
duced in epidermal cells of the seed coat in aerial compared with

Video 3 High speed video of an exploding aerial fruit in
Cardamine chenopodiifolia recorded at 10 000 frames
per second.
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subterranean seeds (Figs 3h, S2G). Other features, such as the
seed coat surface and the seed abscission zone, appear very similar
between both seed types (Fig. S2C–E). Therefore, aerial fruit
produce numerous, small, mucilaginous seeds, suitable for
long-range dispersal. By contrast, subterranean fruit produce few,
large seeds, which is thought to aid germination from greater soil
depths (Cheplick, 1987; Zhang et al., 2020).

Both flower morphs in C. chenopodiifolia appear capable of
self-pollinating. Selfing occurs in aerial flowers, which are typi-
cal of the Brassicaceae, with a perianth of four green sepals and
four white petals, enclosing six stamens and two carpels
(Fig. 4a,b). Subterranean flowers have the same number of
floral organs as aerial flowers, but they are very reduced in size
and sometimes fewer than four petals are observed (Figs 4a,c,
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Fig. 3 Differences between aerial and subterranean seeds in Cardamine chenopodiifolia. (a) Box plot of seed number per fruit in aerial and subterranean
fruits. Plot shows median (thick horizontal lines), n = 100 seeds per fruit type. Differences between fruit types were analysed using the Wilcoxon test,
P = 2e�16. (b) Aerial and subterranean seeds shown from front (left) and side (right) views. (c–f) Box plots of seed weight per 1000 seeds (c), seed length
(d), seed width (e) and seed length/width (f) in aerial and subterranean fruits. Plots show median (thick horizontal lines), n = 115 subterranean and 1970
aerial seeds from four plants. Differences between seed morphs were analysed using the Wilcoxon test, P = 0.0011 (c), P < 2e�16 (d–f). (g) Ruthenium
red-stained mucilage (pink) released by aerial and subterranean seeds after imbibition. (h) Toluidine blue-stained transverse sections of outer seed coat of
aerial and subterranean seeds from stage 17b fruit. Mucilage pockets indicated by black arrows. Bars: 1 mm (b, g), 10 lm (h).
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S2F). Subterranean flowers are nonopening and likely employ
an automatic type of self-pollination called cleistogamy
(Fig. 4a). The four sepals remain closed, protecting the

developing reproductive organs as the flower pushes through
the soil (Video 1). Removing the sepals in stage 14 flowers
reveals the pollen-bearing anthers in direct contact with the

50 µm

Aerial Subterranean
Si

de
 v

ie
w

To
p 

vi
ew

Stage 6 Stage 14 Stage 14Stage 10

Merge

D
R

5v
2:

:N
LS

-td
To

m
at

o

tdTom

P P

P P

StSt

StSt

S

S

S

S

Aerial dissected

StSt
CC

sepals removed

ep

c1
c2
en

s

p

MZ DZ

ep
c

en
sr

Aerial(a)

(d)

(b)

(e) (f)DZ

Subterranean(c)

Sepal Petal Stamen Carpel
0

2

4

6

Fl
or

al
 o

rg
an

 n
um

be
r

Fig. 4 Above- and belowground organs in Cardamine chenopodiifolia. (a) Aerial and subterranean flowers at stage 14, shown in side and top views.
Perianth organs dissected off an aerial flower to show reproductive organs. (b) Bar plot of the number of sepals, petals, stamens and carpels in aerial
flowers; plot shows mean and SD, n = 87. (c) Toluidine blue-stained transverse section of subterranean flowers at stage 14; C, carpels; P, petals; S, sepals;
St, stamens. (d) Scanning electron micrographs of subterranean flowers at stages 6, 10 and 14; sepals dissected off a stage 14 flower to show reproductive
organs. (e) Confocal laser scanning micrographs (CLSM) of seedling root tip meristematic zone (MZ, left) and optical section of root differentiation
zone (DZ, right); c, cortex; c1, first cortex cell layer; c2, second cortex cell layer; en, endodermis; ep, epidermis; p, pericycle; r, root cap; s, stele. (f) CLSM
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stigmatic papillae of the gynaecium, suggesting that self-
pollination occurs (Fig. 4d).

Roots of C. chenopodiifolia have a similar tissue structure to
C. hirsuta (Hay et al., 2014), comprising an epidermis, two cor-
tex layers, an endodermis, a pericycle and vascular tissues filling
the central cylinder (Fig. 4e). The quiescent centre is marked by a
maximum of auxin activity, as reported by DR5v2::NLS-
tdTomato (Fig. 4f). This transgene was stably transformed by
floral dip of aerial flowers using Agrobacterium tumefaciens (see
Materials and Methods section), demonstrating that transgenic
approaches can be followed in C. chenopodiifolia.

In summary, C. chenopodiifolia is an amphicarpic plant that
uses two very different strategies for seed dispersal. These strate-
gies are associated with a suite of distinct traits that differentiate
the development of reproductive structures above and below-
ground. For these reasons, C. chenopodiifolia provides a unique
framework to compare morphological divergence between two
fruit morphs that develop on the same plant.

Comparative transcriptome analysis

To compare the transcriptome of aerial vs subterranean fruit valves
in C. chenopodiifolia, we performed RNA-seq using both long-read

and short-read sequencing. We generated a reference transcriptome
using Pacific Biosciences (PacBio) single-molecule real-time
(SMRT) long-read isoform sequencing (IsoSeq; Fig. S3A). We
took this approach since the polyploid C. chenopodiifolia genome
was only recently assembled and not yet annotated or phased into
sub-genomes (Emonet et al., 2024). We sequenced RNA of aerial
and subterranean fruit valves harvested at late stage 16 and stage
17ab, during which the valves grow to final length and endocarp b
secondary cell walls start to lignify (Fig. 2). Developmental progres-
sion and onset of lignification during these stages are equivalent
between fruit types (Fig. 2a,f). The four sample types were collected
from the same plant, valves from five different plants were pooled
to ensure sufficient material, and the experiment was performed in
triplicate (Fig. 5a). To increase gene diversity, we sequenced addi-
tional samples harvested from nine different tissue types, three dif-
ferent hormone/elicitor treatments and light/ dark treatments of
subterranean fruit valves (Methods S1). We collapsed all
high-quality isoforms (Table S1) into a reference transcriptome
containing 53 242 annotated genes.

To identify genes that are differentially regulated between aerial
and subterranean fruit valves, and between different stages of fruit
development, we used the same 12 RNA samples from C. chenopo-
diifolia valves for Illumina short-read sequencing (Fig. 5a;
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Fig. 5 Transcriptomes differ markedly between aerial and subterranean fruit valves in Cardamine chenopodiifolia. (a) Schematic of RNA-seq experimental
design. (b) Venn diagram of differentially expressed genes (DEG, logFC ≥ |1|, false discovery rate (FDR) < 0.05) between aerial fruit stage 16 and aerial
fruit stage 17ab (air16 and air17ab), aerial fruit stage 16 and subterranean fruit stage 16 (air16 and sub16), aerial fruit stage 17ab and subterranean fruit
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C. chenopodiifolia short reads to the C. chenopodiifolia reference transcriptome. (c) Number of up- and downregulated genes for each comparison (DEG,
logFC ≥ |1|, FDR < 0.05). (d) Principal component analysis of short-read data from C. chenopodiifolia fruit valve sample types.
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Table S2). We mapped these short reads to the C. chenopodiifolia
reference transcriptome, which gave 46 411 genes with a Uniprot
ID after low-count filtering (Table S1). We identified differentially
expressed genes (DEGs) based on a false discovery rate (FDR) of
< 0.05 and a minimum fold change of 2, for the four possible
comparisons: aerial fruit stage 16 (air16) vs aerial fruit stage 17ab
(air17ab), 6238 DEGs; subterranean fruit stage 16 (sub16) vs sub-
terranean fruit stage 17ab (sub17ab), 3828 DEGs; air16 vs sub16,
7796 DEGs; air17ab vs sub17ab, 12 029 DEGs and 2607 DEGs
from the interaction of both fruit stages and fruit types (Figs 5b,c,
S3B–G; Tables S3, S4). We observed strong transcriptional
changes for all comparisons, and in particular between the two fruit
types at the later stage (17ab; Fig. 5b,c). Indeed, most of the var-
iance between samples can be explained by the difference in fruit
types (Fig. 5d). Many of the DEGs between fruit types were not
differentially regulated across developmental stages (4445 DEGs;
Fig. 5b). These genes might represent distinct responses to aerial vs
subterranean environments, or could also generally distinguish the
two fruit types. A larger number of DEGs were affected by devel-
opmental stage in aerial than in subterranean fruit, and more
DEGs were upregulated than downregulated in aerial compared
with subterranean fruit (Fig. 5c).

As an alternative approach, we also mapped the C. chenopo-
diifolia short reads to the high-quality, annotated, reference
genome of the related diploid species C. hirsuta (Gan
et al., 2016; Fig. S3A). Only 18.6% of reads mapped to the
C. hirsuta genome, aligning to 16 376 genes, with 11 870
genes in common to all four sample types, which corresponds
to c. 40% of the annotated C. hirsuta genes (Fig. S4A;
Table S3). Despite low mappability, the same dominant tran-
scriptional trends were also found in this analysis (Figs S4, S5;
Tables S3–S6).

Secondary cell wall formation is upregulated and cell
division is downregulated during fruit valve development

One of the major events in both fruit types during the transi-
tion from stage 16 to 17ab is the deposition of a lignified sec-
ondary cell wall in the endocarp b cell layer of the valves. To
assess whether our experimental design captured this, we per-
formed GO analysis of common DEGs for these two compari-
sons (867 up- and 985 downregulated DEGs in stage 16
compared with stage 17ab, irrespective of fruit morph, Fig. 6a;
Table S7). Enriched biological processes for upregulated genes
included cell wall and secondary cell wall biogenesis, lignin/
phenylpropanoid and xylan metabolic processes (Fig. 6b), sug-
gesting that secondary cell wall formation dominates the pro-
cesses occurring during these stages of valve development in
both fruit types.

Both aerial and subterranean fruit have already elongated by
stage 17ab (Fig. 1h), and this is reflected in the enrichment of
GO terms related to cell division in downregulated genes
(Fig. 6b). Enriched GO terms for the cell cycle, DNA replication,
nuclear division, microtubule-based processes and spindle organi-
zation, support the idea that cell division is downregulated in
stage 17ab fruit valves (Fig. 6b).

Subterranean fruit are characterized by defence responses
and aerial fruit by photosynthesis

Growth in above- vs belowground environments will inevitably
affect the transcriptome of these two C. chenopodiifolia fruit
morphs. To investigate this, we analysed common DEGs
between aerial and subterranean fruit independent of develop-
mental stage (3502 up- and 2444 downregulated DEGs in aerial
fruit compared with subterranean fruit, irrespective of stage,
Fig. 6c). Subterranean fruit were characterized by enriched GO
terms for innate immune response, systemic acquired resistance,
and responses to ethylene, jasmonic acid, hypoxia and wounding
(Fig. 6d; Table S7). Other enriched terms for plant defence
included ‘killing of cells of another organism’, indole glucosino-
late and camalexin biosynthesis (Fig. 6d). The abundance of
microbiota in the soil likely explains why defence responses dom-
inate the genes that are upregulated in subterranean fruit and
downregulated in aerial fruit.

Photosynthesis was the most enriched biological process for
genes upregulated in aerial fruit, and other enriched processes
were all related to photosynthesis (Fig. 6d; Table S7). Therefore,
photosynthetic processes dominate the transcriptional landscape
of green aerial fruit, compared with white subterranean fruit, due
to their exposure to light.

Distinct sets of primary and secondary cell wall-related
genes and cytokinin responses are upregulated during the
development of aerial fruit valves

To identify processes that distinguish the development of the two
fruit types, we analysed interactions between fruit stage and type
(INTX; Fig. S3B). To this end, we clustered the sequence reads
of DEGs according to their behaviours across samples and per-
formed GO analysis for three clusters with higher expression in
aerial fruit (Clusters #2, #3 and #8, Fig. 7a,b; Table S8). Clusters
#2 and #3 were enriched in genes related to cell wall processes
(Fig. 7b; Table S8). Secondary cell wall processes, such as lignin/
phenylpropanoid and glucuronoxylan biosynthesis, were specifi-
cally enriched in Cluster #3, while Cluster #2 contained GO
terms related to the primary cell wall, such as pectin and xyloglu-
can biosynthesis (Fig. 7b). Another dominant process in Cluster
#2 was response to cytokinin and cytokinin signalling pathways
(Fig. 7b). Genes related to photosynthesis were over-represented
in Cluster #8 and strongly downregulated during the develop-
ment of subterranean fruit valves (Fig. 7a,b).

These results show that the upregulation of cell wall-related
genes during fruit development distinguishes aerial from subter-
ranean fruit valves, suggesting that distinct genes may be asso-
ciated with the different patterns of lignified secondary cell walls
in these two fruit morphs. To check that these genes (430 genes
in Cluster #2 and 330 genes in Cluster #3; Fig. 7a,b) are distinct
from those in common to both fruit types (867 genes; Fig. 6a),
we compared both gene sets. Only 70 genes overlapped with
Cluster #3 (Fig. 7d), characterized by enriched GO terms for sec-
ondary cell wall biogenesis (Table S9), and no genes overlapped
with Cluster #2 (Fig. 7c). Therefore, the large majority of DEGs
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Fig. 6 Gene Ontology (GO) enrichments for differentially expressed genes (DEG) in common to fruit development or fruit type in Cardamine

chenopodiifolia. (a) Venn diagrams of significantly up- and downregulated DEGs between stage 16 and stage 17ab aerial fruit compared with
subterranean fruit (logFC ≥ |1|, false discovery rate (FDR) < 0.05). (b) Selected GO terms enriched in the 867 upregulated DEGs and the 985
downregulated DEGs that are in common to both fruit types, and therefore distinguish the two stages of fruit development. (c) Venn diagrams of
significantly up- and downregulated DEGs between aerial and subterranean fruit at stage 16 compared with stage 17ab (logFC ≥ |1|, FDR < 0.05).
(d) Selected GO terms enriched in the 3502 upregulated DEGs and the 2444 downregulated DEGs that are in common to both developmental stages, and
therefore distinguish the two fruit types. DEGs were obtained by mapping C. chenopodiifolia short reads to the C. chenopodiifolia reference
transcriptome. BP, biological process.
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in these clusters are specifically upregulated during the develop-
ment of aerial fruit valves.

Discussion

Plant trait diversity is an important resource. Focusing on plants,
such as C. chenopodiifolia that have not been well studied, opens
up the possibility to understand the development and evolution
of different traits and the diversity of mechanisms by which
plants successfully adapt to different environments. We used
morphological, histochemical and transcriptome approaches to
characterize distinctive processes associated with amphicarpic
development in C. chenopodiifolia. The tools generated in this
study, together with a chromosome-level genome assembly
(Emonet et al., 2024), establish the allooctoploid C. chenopodiifo-
lia as an emerging experimental system to address questions
about polyploidy and trait evolution.

C. chenopodiifolia is an amphicarpic plant, producing two
types of fruit on the same individual – above and belowground –
with different seed dispersal strategies. Subterranean fruit are
nonexplosive, dispersing seeds underground, and we found
defence responses highly upregulated in these fruit valves that
interface directly with the soil microbiome. Aerial fruit disperse
seeds by explosive coiling of their two fruit valves, and we found
a distinctive, polar pattern of secondary cell wall thickening in
endocarp b cells of these valves. This matches the association
between explosive seed dispersal and polar lignin deposition
found previously in Cardamine (Hofhuis et al., 2016). In stark
contrast to this, the endocarp b cells in subterranean fruit valves

are uniformly lignified, similar to Arabidopsis and other Brassica-
ceae species with nonexplosive fruit (Spence et al., 1996; Hofhuis
et al., 2016). Therefore, the uniform lignification of endocarp b
cells is secondarily derived in the subterranean fruit of C. chenopo-
diifolia, together with nonexplosive seed dispersal.

Since the deposition of a thick, lignified secondary cell wall in
endocarp b cells characterized valve development in both fruit
types, it was not surprising to find that secondary cell wall pro-
cesses dominated the DEGs upregulated in common to both fruit
types. More surprising was that cell wall-related genes also distin-
guished the development of the two fruit types. Specifically, two
of three large clusters that were strongly upregulated at late stages
in aerial fruit valves, were enriched in genes related to cell wall
processes (Fig. 7a,b). One of these clusters contained genes
related to secondary cell wall formation (Cluster #3; Fig. 7b),
and although 20% of these genes were in common to both fruit
types, the majority were specifically upregulated in aerial fruit.
Therefore, different genes are associated with the formation of
lignified cell walls in the two different fruit morphs. Unexpect-
edly, the second cluster contained genes related to primary cell
wall processes and cytokinin signalling (Cluster #2; Fig. 7b).
Cytokinin is known to activate primary cell wall remodelling in
the Arabidopsis root (Pacifici et al., 2018). Whether cytokinin or
primary cell wall pathways play any role in cell expansion or dif-
ferentiation processes that are specific to explosive fruit are inter-
esting questions for future research.

As a rare trait, amphicarpy provides unique insights into the
development of very distinct reproductive structures in the
above- vs belowground environment. Flowers produced by the
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Fig. 7 Differentially expressed genes (DEG) that distinguish the development of different fruit types in Cardamine chenopodiifolia. (a) Heat map of
significant DEGs for the interaction comparison (INTX) between fruit stage and type (logFC ≥ |1|, false discovery rate (FDR) < 0.05). DEGs were obtained
by mapping C. chenopodiifolia short reads to the C. chenopodiifolia reference transcriptome. (b) Ten most significant Gene Ontology (GO) terms
enriched in DEG Clusters #2, #3 and #8 from (a). (c, d) Venn diagram of 430 DEGs in INTX Cluster #2 (c) and 330 DEGs in INTX Cluster #3 (d) from (b),
compared with 867 common DEGs upregulated in both aerial and subterranean fruit valves from Fig. 6(a).
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main shoot grow towards gravity and are well adapted to the
soil environment. The strong and surprisingly long pedicels can
dig the small flowers far below the surface and show circumnu-
tation movements, which are known to help roots penetrate
and grow around obstacles in the soil (Video 1; Taylor
et al., 2021). These pedicels also have Casparian strip-like lignin
deposition and it will be interesting to understand whether this
has a barrier function similar to the root (Naseer et al., 2012).
The underground flowers remain closed and are particularly
reduced in size, as often seen in cleistogamous flowers. These
characteristics might help to limit damage as the flowers pro-
gress through the soil. The soil environment also influences the
transcriptome of these fruit valves, as genes involved in defence
responses and innate immunity are upregulated. Roots are
known to display a different immune response than the shoot
in order to accommodate the soil microbiome (Wyrsch
et al., 2015; Poncini et al., 2017). An interesting question to
follow up is whether subterranean flowers and fruits are specifi-
cally adapted to the soil environment.

We described two types of flowering mode in C. chenopodiifo-
lia: rosette flowering in the apical shoot, and inflorescence flower-
ing in the axillary shoots. Plants such as A. thaliana and C.
hirsuta transition to the reproductive phase through inflorescence
flowering. By contrast, rosette flowering plants such as Leaven-
worthia crassa do not bolt, but instead, the main inflorescence
produces flowers supported by long pedicels directly at the centre
of the rosette (Liu et al., 2011). Cardamine chenopodiifolia pro-
duces its subterranean flowers in a similar way, although the long
pedicels are positively gravitropic and grow rapidly into the soil.
The burial of cleistogamous flowers by elongating pedicels is a
distinctive feature of C. chenopodiifolia. Cultivated peanut and
some other amphicarpic plants rather bury fruit produced by the
pollination of aerial flowers (Kumar et al., 2019; Zhang
et al., 2020). Peanut is a geocarpic plant that develops only
underground fruit, but a recently described variant also develops
fruit aboveground (Peng et al., 2024), and may prove useful for
studying transitions between geocarpy and amphicarpy.

Stable genetic transformation in C. chenopodiifolia will be an
essential tool to further investigate the many distinctive develop-
mental processes associated with amphicarpy. We have provided a
first proof of principle that Agrobacterium-mediated transforma-
tion by floral dip is possible, which paves the way for CRISPR/
Cas9 gene editing and a suite of other molecular genetic
approaches commonly used in model organisms. For example, the
DR5v2::NLS-tdTomato transgenic line that we report here allows
auxin-related processes, such as the gravitropic response of subter-
ranean flowers, to be investigated in detail. The phylogenetic relat-
edness of C. chenopodiifolia to other model species in the
Brassicaceae, such as A. thaliana and C. hirsuta, is also a distinct
advantage for comparative studies. For example, inter-species gene
transfers between related species are a powerful approach for func-
tional studies of trait evolution (Hay & Tsiantis, 2006; Vlad
et al., 2014), particularly with CRISPR/Cas knock-in methods
becoming more feasible (Schreiber et al., 2024).

We showed that using long-read sequencing technologies,
such as PacBio IsoSeq, to generate an accurate reference

transcriptome is a useful approach for polyploid species. In
future studies, full annotation and phasing of the C. chenopo-
diifolia genome should help to link behaviour of the transcrip-
tome with its sub-genomes. Polyploidy is a ubiquitous feature
of plant genomes and often linked to trait evolution, yet nat-
ural polyploids are typically under-studied (Soltis & Sol-
tis, 2016). Therefore, further development of the allooctoploid
C. chenopodiifolia as a model system will provide important
opportunities to advance the study of complex trait evolution
by polyploidy.
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research data repository of the Max Planck Society (doi: 10.
17617/3.2JOOWA).
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Table S6 Gene ontology analysis of differentially expressed genes
in Cardamine chenopodiifolia fruit valves obtained from align-
ment to the Cardamine hirsuta genome (see Fig. S5).

Table S7 Gene ontology analysis of differentially expressed genes
in Cardamine chenopodiifolia fruit valves obtained from align-
ment to the C. chenopodiifolia reference transcriptome (see Fig.
6).

Table S8 Gene ontology analysis of differentially expressed genes
in the interaction between fruit stage and fruit type in Cardamine
chenopodiifolia fruit valves.

Table S9 Cardamine chenopodiifolia gene list and associated gene
ontology analysis for the intersection of genes in INTX cluster #3
with upregulated differentially expressed genes in common to
both fruit types (see Fig. 7d).

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
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