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The enormous diversity of seed traits is an intriguing feature and critical for the overwhelming success of higher plants. In
particular, seed mass is generally regarded to be key for seedling development but is mostly approximated by using scanning
methods delivering only two-dimensional data, often termed seed size. However, three-dimensional traits, such as the volume
or mass of single seeds, are very rarely determined in routine measurements. Here, we introduce a device named phenoSeeder,
which enables the handling and phenotyping of individual seeds of very different sizes. The system consists of a pick-and-place
robot and a modular setup of sensors that can be versatilely extended. Basic biometric traits detected for individual seeds are
two-dimensional data from projections, three-dimensional data from volumetric measures, and mass, from which seed density is
also calculated. Each seed is tracked by an identifier and, after phenotyping, can be planted, sorted, or individually stored for
further evaluation or processing (e.g. in routine seed-to-plant tracking pipelines). By investigating seeds of Arabidopsis
(Arabidopsis thaliana), rapeseed (Brassica napus), and barley (Hordeum vulgare), we observed that, even for apparently round-
shaped seeds of rapeseed, correlations between the projected area and the mass of seeds were much weaker than between
volume and mass. This indicates that simple projections may not deliver good proxies for seed mass. Although throughput is
limited, we expect that automated seed phenotyping on a single-seed basis can contribute valuable information for applications

in a wide range of wild or crop species, including seed classification, seed sorting, and assessment of seed quality.

Seeds play a major role in keeping continuity be-
tween successive generations (Esau, 1977) and are key
for the distribution and evolution (Moles et al., 2005) of
higher plants. Fertile seeds carry an embryo and may
contain nutrient storage tissues in cotyledons, endo-
sperm, and/or perisperm, supporting germination and
seedling development at early developmental stages.
Although this is true for all seed plants, various traits of
seeds, such as size, shape, weight, and chemical com-
position, can be very different between plant species or
accessions. For example, the Arabidopsis (Arabidopsis
thaliana) accession Cape Verde Islands was reported to
yield on average 40% fewer seeds than Landsberg erecta,
but they are almost twice as heavy (Alonso-Blanco et al.,
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1999). Considering today’s plant species, single-seed
mass may vary over a range of 11.5 orders of magni-
tude (Moles et al., 2005). Seed mass is under strong ge-
netic control, whereas the total number of seeds of a
plant is largely affected by the environment (Paul-Victor
and Turnbull, 2009). It has been demonstrated that the
size, mass, and shape of Arabidopsis seeds may be reg-
ulated by brassinosteroid (Jiang et al., 2013), and it was
shown recently that seed size in rice (Oryza sativa) can be
influenced by the epiallele Epi-rav6 (Zhang et al., 2015).
The ability of plants to switch between small and larger
seeds may be understood as an adaptation to novel en-
vironments (Igea et al., 2016). However, it is still not fully
understood whether, or to what extent, the variability of
seed traits within plant species or genotypes has an im-
pact on the development and further performance of a
plant.

When comparing biometric seed data of different
dimensions such as length (one-dimensional), projected
area (two-dimensional [2D]), or volume and mass (both
three-dimensional [3D]), one can argue that mass is the
most relevant parameter as a proxy for the amount of
reserves a seed provides for the offspring. This might be
true even when considering that the type of reserves,
such as proteins, carbohydrates, or lipids (Rolletschek
etal., 2015), and also different seed tissues, such as seed
coat, embryo, or endosperm, may contribute differently
to seed mass (Alonso-Blanco et al., 1999). While seed
mass and time to germination (radicle protrusion) do
not necessarily correlate (Norden et al., 2009), in par-
ticular under greenhouse conditions, higher seed mass
may be advantageous for seedling establishment under
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adverse environmental conditions (Moles et al., 2005).
For example, shade-tolerant species showed largely
higher seed masses than cogeneric species growing in
open habitats, indicating that seedlings under low-light
conditions need more reserves than under good light
(Salisbury, 1974). Seedlings of wild radish (Raphanus
raphanistrum) emerged more likely from heavier seeds
than from small seeds under field conditions but not in
the greenhouse (Stanton, 1984), and for Arabidopsis,
seed mass was reported to be higher in populations
growing naturally at higher altitudes taken as a proxy
for harsher conditions (Montesinos-Navarro et al., 2011).

Seed mass can be measured individually (Stanton,
1984), but it is generally collected as an average value of
batches of 50 to 1,000 seeds (Jako et al., 2001; Jofuku
et al., 2005; Montesinos-Navarro et al., 2011; Tanabata
et al., 2012). Alternatively, 2D scans are analyzed to
determine parameters such as seed length, width,
area, and perimeter length as a measure for seed size
(Tanabata et al., 2012). This approach can be imple-
mented in high-throughput facilities to obtain projected
areas of seed grains combined with genome-wide as-
sociation studies (Yang et al., 2014). Although projected
seed area can easily be measured with a common office
scanner (Herridge et al.,, 2011; Tanabata et al., 2012;
Moore et al., 2013), it is not necessarily a precise or re-
liable measure of the true seed size because it may de-
pend on the shape (Alonso-Blanco et al., 1999) and the
orientation of a seed at scan (see “Results”). These is-
sues also apply when using 2D projections to calcu-
late length-to-width ratios as a simple shape factor
(Tanabata et al., 2012). Projected seed area also has been
used to calculate seed mass, assuming a fixed rela-
tionship between these parameters (de Jong et al., 2011;
Herridge et al., 2011). This may hold with sufficient ac-
curacy when averaging a large number of seeds but might
be misleading when considering individual seeds.

From a physical point of view, volume should be a
much better proxy for mass than 2D traits. Although it
has been stated that for 65 species analyzed seed masses
can be compared easily with seed volumes (Moles et al.,
2005), it is not clear how these seed volumes were de-
termined. Volumes can be assessed using advanced
methods such as x-ray computed tomography (CT) on
fruits (Stuppy et al., 2003) or synchrotron radiation x-ray
tomographic microscopy applied in paleobiological stud-
ies (e.g. on fruits and seed; Friis et al., 2014). Nuclear
magnetic resonance (NMR) methods are used to mea-
sure water uptake in kidney beans (Phaseolus vulgaris)
and adzuki beans (Vigna angularis; Kikuchi et al., 2006) or
to estimate seed weight and content (Borisjuk et al., 2011;
Rolletschek et al., 2015) rather than volumes. To our best
knowledge, affordable methods to measure seed volumes
directly are not achievable so far. For that reason, we have
set up a volume-carving method for 3D seed shape re-
construction that is described briefly here and in more
detail in a recent publication (Roussel et al., 2016).

While traits derived from scanning procedures can
easily be assigned to individual seeds (Herridge et al.,
2011), further handling and processing of phenotyped
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single seeds is not as simple, in particular for tiny ones
like those of Arabidopsis. The aim of this work was to
develop an automated seed-handling system that can
analyze single seeds of very different sizes or shapes,
from Arabidopsis seeds up to barley (Hordeum vulgare)
seeds or even bigger. The phenoSeeder system is de-
signed to pick and place seeds, to achieve basic mor-
phometric traits (one-dimensional and 2D data from
projections, 3D reconstruction data, and mass) of each
individual seed, and to store all analyzed seed traits in a
database. Another goal is to use phenoSeeder for seed-to-
plant tracking approaches and to analyze whether, or
which, particular seed traits have an impact on plant
development and performance under various environ-
mental conditions. We describe the main features of the
phenoSeeder technology and present results obtained
with seeds of three accessions of Arabidopsis, rapeseed
(Brassica napus), and barley, respectively. When analyzing
the data, we focused particularly on correlations between
projected seed area, seed volume, and seed mass, with the
hypothesis that the respective seed volume may better
correlate with mass than the projected area.

RESULTS

Here, we describe the general concept of the phenoSeeder
system. More technical details are given in Supplemental
Materials and Methods S1. The terminology used for the
measured seed traits is compiled in Table 1. Results of
test measurements relevant for the performance of the
system are presented (Table II), and traits of more than
1,000 seeds (for exact numbers, see Table III) for three
accessions of Arabidopsis, rapeseed, and barley, respec-
tively, were evaluated.

Design and Modules of the phenoSeeder System

The setting of the system enables routine handling
(pick and place) of individual seeds and the measure-
ment of morphometric seed traits. Both hardware and

Table I. List of analyzed seed traits and abbreviations

Seed Trait Symbol Unit
Projected area (or size)® A mm?
Length from projection® Lp mm
Width from projection? Wp mm
Volume® v mm?
Length® L mm
Width® w mm
Height® H mm
Mass (or weight) M mg
Volume A (=m/6 A*?) A mm’
Volume 2D (=/6 L,p, Wy W,p) Voo mm’
Density (=M/V) p mg mm 3
Density A (=M/V,,) Pa mg mm 3
Density 2D (=M/V,p) Pap mg mm~3

“Traits derived from 2D imaging. PTraits derived from 3D recon-

struction.
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Table Il. Variance of seed parameters when single seeds were measured repeatedly

Mean values * relative standard deviation (RSD); RSDs are given in percentages. Lag2-2, Accession

Lagodechi; n, number of repetitions; No., seed number.

Species and Accession No. n A 1 M
mm? mm’ mg
Rapeseed, Wotan 1 60 2.80 £ 54 2.73 £0.23 3.13 £0.13
2 60 1.70 £ 3.8 1.47 £ 045 1.61 = 0.29
3 60 2.68 =55 3.08 £ 0.20 3.42 £0.13
Barley, Barke 1 63 243 * 4.1 40.1 = 1.3 54.4 = 0.03
2 60 19.3 = 6.4 269 =13 45.6 = 0.02
3 60 233*7.38 345 1.2 44.7 = 0.02
Arabidopsis, Lag2-2 1 60 0.123 = 5.1 0.0144 = 3.7 0.0169 = 14.5
2 60 0.103 = 6.1 0.0098 = 5.4 0.0099 = 29.0
3 60 0.131 = 4.7 0.0155 = 1.8 0.0184 = 11.8

software are modular, allowing easy implementation of
new components. Figure 1A shows the main compo-
nents of phenoSeeder with an industrial robot (details
are given in Supplemental Materials and Methods S1),
an exchangeable seed-handling tool, a tool magazine,
a 2D imaging station, 3D imaging modules, balances, a
seed placement station, a nozzle cleaning tool, and a
through-beam sensor for tool calibration. Figure 1B
shows a schematic of the basic workflow: the cycle
starts at the 2D imaging module (station 1), where
dispersed seeds are recognized by image processing
and a selected seed is picked up; after assigning a
unique identifier to the seed, it is then moved to the 3D
imaging module (station 2) to obtain volumetric data;
thereafter, the seed is placed on a balance (station 3);
finally, the seed is either planted or stored (station 4).
If necessary, the nozzle gets cleaned (station 5) before
a new cycle starts. A more detailed description of the
phenoSeeder workflow is presented in Supplemental
Materials and Methods S1. The sequence of the different
steps is illustrated in Supplemental Movie S1. All in-
formation of measured traits and the actual location of
the seed are stored in a distributed database system
(Schmidt et al., 2013). Seed location can be used in sub-
sequent experiments to reidentify the seed or seedling.

Seed-Handling Tools and Pneumatic System

The robot arm is equipped with a tool-changing head
to which seed-handling tools or grippers can be plug-
ged or unplugged in an automated fashion (Fig. 2A). A
seed-handling tool is equipped with a dedicated nozzle
depending on seed size or shape to which either vac-
uum is provided for sucking or slight overpressure for
releasing the seed. The actual air pressure at the nozzle
is measured by a pressure sensor, P3 (Fig. 2A), and is
fully controlled by a pneumatic system (Supplemental
Fig. S1) described in more detail in Supplemental
Materials and Methods S1. The air pressure at P3 indi-
cates whether a seed is sucked at the nozzle, whether a
seed has been properly released, or whether the nozzle
is clogged. The actual pressure values may depend on
seed properties and specifications of the seed-handling
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tool including the nozzle. A typical change in air pres-
sure at P3 is shown in Figure 2B for an Arabidopsis
seed handled with a 0.15-mm nozzle (Supplemental
Materials and Methods S1): when the nozzle orifice is
open with no seed at the nozzle (phase 1), the pressure
is about 215 mbar; as soon as a seed is sucked (arrow
facing down), the pressure decreases and reaches a
new plateau of approximately 180 mbar (phase 2) after
about 200 ms; within the first 20 to 30 ms of the pressure
drop, it is decided whether a seed has been sucked or
not by simple thresholding; the seed is released by
providing a slight overpressure to the nozzle (phase 3;
arrow facing up) for about 150 ms, and after that short
time, air pressure is switched back to vacuum. Evacu-
ation of the system takes a little longer than pressuriz-
ing but, after around 320 ms, phase 1 is reestablished
and the system is ready for a new cycle. Seeds of Ara-
bidopsis, rapeseed, and barley sucked at a nozzle are
shown in Figure 2, C, D, and E, respectively, demon-
strating that seeds of very different sizes and shapes can
be handled.

2D Imaging Station, Seed Segmentation, and Selection

Seeds are dispersed on an optical glass filter equip-
ped with a vibration device to separate seeds touching
each other (Fig. 3A). A light-emitting diode ring light
for illumination and a calibrated camera with a macro
lens are mounted underneath the glass filter (for details,
see Supplemental Fig. S2; Supplemental Materials and
Methods S1). From the seeds on the glass filter, photo-
graphs are taken as demonstrated for Arabidopsis (Fig.
3B), rapeseed (Fig. 3D), and barley (Fig. 3F), for which
enlarged areas are shown in Figure 3, C, E, and G, re-
spectively. Such images are acquired repeatedly during
each cycle of the workflow to detect and segment in-
dividual seeds. The procedure used for seed segmen-
tation is explained in more detail in Supplemental
Materials and Methods S1. For each segmented seed,
the projected area (A) is determined, both length (L,,)
and width (W,,) are calculated from fitting an ellipse to
the seed, and red, green, and blue (RGB) color statistics
are obtained. The x and y positions of each seed’s center
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Figure 1. Overview of phenoSeeder. A, Photograph of the setup located in a security cage. The system is composed of modules
that can be placed at various positions in the cruising range of the industrial pick-and-place robot (a), equipped with a seed-
handling tool (b) and a tool magazine (c). Default modules are a 2D imaging station (1), 3D imaging stations (2), balances (3), a
seed-placement station (4), and a nozzle-cleaning station (5). B, Schematic illustrating the main workflow along the different
modules. At the 2D imaging station (1), dispersed seeds are detected, 2D traits are measured, and one seed is picked up by the
seed-handling tool; at the 3D imaging stations (2), the volumetric data of the seed are measured; the mass of the seed is taken ata
balance (3); the seed is planted or stored (4); and the nozzle gets cleaned if needed (5).

of mass (white dots in Fig. 3, C, E, and G) are used for
picking up the seed by the robot. For further processing,
a seed is chosen either randomly or by a criterion (e.g.
projected area) defined by the user. As soon as a seed is
selected and successfully sucked by the robot, the seed
gets an identifier and its database record is created.

3D Imaging and Weighing Stations

Two 3D imaging modules are set up differing in their
optical layout suited for different seed sizes; the one for
small seeds is shown in Figure 4A. When a seed is

Figure 2. Seed handling and seeds of the
three species investigated here. A, Tool
change head (TCH) at the robot arm to
which, by the aid of a tool change adapter
(TCA), an exchangeable seed-handling tool
(EXT) is fixed. A pressure sensor (P3), sole-
noid valve (V2), and dedicated nozzle (Nz)
also are shown. B, Screen shot of temporal
pressure changes near the nozzle as mea-
sured by P3. The denoted phases 1 to 3 and
the arrows are described in detail in the
text. C to E, Seeds sucked at the nozzle are
shown for Arabidopsis (C), rapeseed (D),
and barley (E). Bars = 1T mm.
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picked up by the robot, it is positioned in front of the
camera lens while hanging at the nozzle (Fig. 4A),
stepwise turned by 360°, and at each step of, for ex-
ample, 10°, an image is acquired. To achieve 3D recon-
struction of a seed (Fig. 4B), a volume-carving technique
is used to determine the seed volume (V') and to calculate
the length (L), width (W), and height (H) of the seed
employing an ellipsoid fit. Both the imaging modules
and the 3D reconstruction have been described in a
previous publication (Roussel et al., 2016), and more
information is given in Supplemental Materials and
Methods S1. For small seeds (like those of Arabidopsis),
a high-resolution balance is used with a custom-made
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Figure 3. 2D imaging station. A, Module for 2D imaging with an optical
glass filter on which seeds are dispersed and with three vibration motors to
separate seeds lying close together. Below the glass filter, a light-emitting
diode ring for illumination and a camera are mounted (shown in
Supplemental Fig. S2). B to G, Seed images of Arabidopsis (B and C),
rapeseed (D and E), and barley (Fand G). B, D, and F, Total field of view with
adiameter of 41 mm. C, E, and G, Enlarged areas (indicated by white squares
in B, D, and F, respectively) where segmented seeds (indicated by white
borders) and nonsegmented seeds (without white borders; these are skipped
to ensure single-seed handling) are shown. White dots denote the center of
gravity of the segmented seeds. Gray bars = 10 mm; white bars = 1 mm.
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seed receiver (Fig. 4C and inset). For seeds of rapeseed or
larger, other weighing cells (Supplemental Fig. S3A) are
used. More details are given in Supplemental Materials
and Methods S1.

Seed Placement Stations

After phenotyping, seeds can be processed in differ-
ent ways as illustrated in Figure 5. Option 1: seeds are
planted directly into substrate. Option 2: seeds can be
recollected in just one vessel if only information of a
seed batch is needed. Option 3: seeds can be classified
by any measurable trait (to be defined a priori) and
collected in as many vessels as trait classes were de-
fined. Option 4: alternatively, seeds may be placed in-
dividually in a multiwell plate, where each single seed
can be identified by its position. Option 5: seeds col-
lected in multiwell plates may be recollected by classi-
fication criteria, which can be defined a posteriori (i.e.
after all measured traits of all seeds are available).
Option 6: seeds stored in multiwell plates are planted
into substrate, enabling seed-to-plant tracking. Cur-
rently, options 1 to 3 are running while options 4 to 6 are
under construction.

Precision of Seed Placing

The precision of seed placing into a substrate was
tested by planting seeds of Arabidopsis accession
Columbia-0 (Col-0) on wet blotting paper taken as an
example, since it allows easy visual inspection of the
seeds (Supplemental Fig. 55). When the blotting paper
is well damped, almost all seeds are placed at the po-
sition where they were released (Supplemental Fig. S5);
however, when the paper (or other substrate) is getting
dry, seeds upon release may jump off the position
where they first touch the surface.

Cleaning Station

In case the nozzle becomes clogged by a seed, the
robot moves the nozzle to a station to get cleaned
(Supplemental Fig. S3B). For Arabidopsis seeds, this
happens in 1% to 2% of cases; for rapeseed and barley,
the percentage is below 1%. Reasons for clogging can be
electrostatic charges, stickiness, or glumes adhering to
the nozzle.

Data Preprocessing and Reproducibility of Measured
Seed Traits

Incomplete or obviously erroneous data sets of single
seeds have been excluded from data analysis. Possible
causes for exclusion included measurement of two
seeds sticking to each other, failed weighing because of
seed loss during placement on the balance, or inaccu-
rate 3D reconstruction because of light reflections on
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Figure 4. 3D imaging station and high-resolution weighing cell. A,
Module for 3D imaging with a camera plus objective lens, light source,
and white reflector. In front of the camera, a rapeseed seed is turned by
360° with the aid of the fourth robot axis. B, Images of an Arabidopsis
seed from two different angles (left) and the respective reconstructions
(right; x and y axes in mm) shown at greater magnification. C, High-
resolution weighing cell with a custom-made receiver (inset) dedicated
to small seeds such as Arabidopsis.

the seed or extremely dark or bright seed color. Here,
the excluded seed data were well below 1% for all spe-
cies and accessions studied. These problems are now
solved by making adjustments in hardware setup and
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parametrization of the software. To evaluate the repro-
ducibility of measurements, three individual seeds of
each measured species were analyzed repeatedly (n =
60; Table II). To ensure that the positioning of the indi-
vidual seed at the nozzle varied arbitrarily, a seed was
picked up, A, V, and M were measured consecutively,
after which the seed was picked up again and a new
measuring cycle started. For rapeseed, the RSD of V and
M was very small (0.45% or less and 0.29% or less, re-
spectively; Table II); at 3.8% to 5.5%, it was clearly higher
for A. Barley also showed high reproducibility with
regard to V and M (RSD = 1.3% and RSD = 0.03%, re-
spectively) but not to A (RSD up to 7.8%), as discussed
below. For Arabidopsis, determination of V was best
(RSD = 5.4%), A was poorer (RSD = 6.1%), and M was
worst (RSD > 11.8%), with the highest RSD of 29%
for the lightest of the three measured seeds (no. 2;
Table II) due to a limited resolution of the balance (see
discretization effects in Fig. 9, G-I).

Distribution of Seed Traits

For rapeseed accession Wotan, frequency histograms
of A, V, and M are displayed in Figure 6, A, B, and C,
respectively, and these traits show a not perfect but
fairly good normal distribution. For all species and ac-
cessions studied here (see “Materials and Methods”;
images of the seeds are presented in Supplemental Fig.
S6), this is not always the case, as can be seen from the
frequency histograms in Supplemental Figures S7 to
S15. The distribution of trait values may be skewed
toward higher values, as for V and M of the rapeseed
accessions Expert (Supplemental Fig. S8) and Pirola
(Supplemental Fig. S9). In other cases, trait values have

o
o
o
o
o
o
o
o
o
o
o

000000000000
000000000000
000000000000
000000000000

il 000000000000

Figure 5. A selection of different options for seed treatment after phe-
notyping. Options are as follows: direct planting (1); recollection in just
one vessel (2); classification and collecting into different vessels
according to preselected seed trait(s) and bin size (3); storing in multi-
well plates (4); classification of seeds after storage in multiwell plates
(5); and planting seeds from multiwell plates into substrate, enabling
seed-to-plant tracking (6).
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an asymmetric tail at lower numbers, as for A and M in
the barley accessions Barke (Supplemental Fig. S10) and
HOR13719 (Supplemental Fig. S11).

Correlation Studies between Different Seed Traits

A selection of different correlations is presented for
each investigated species and accession in Supplemental
Figures S7 to S15, and an overview of calculated num-
bers is given in Table III. Figure 7 shows examples for
seeds of rapeseed accession Wotan when M was com-
pared with A (Fig. 7A), V, (Fig. 7B), and V (Fig. 7C).
When plotting M of individual seeds against the cor-
responding A, there is a nonlinear relationship (Fig.
7A). Since mass can be regarded as a volume property
while area is a 2D entity, the relationship between these
traits can be approximately described by the equatlon
y = a A% However, the correlation was not good (* =
0.67; Fig. 7A), and the 95% prediction intervals indicate
that, when M is calculated from A, the error could be
rather high. Almost the same result was obtained for
the linear fit of M by V,, (Fig. 7B). However, M versus V
showed a very good correlation (r* = 0.99) and a narrow
95% prediction interval (hardly visible; Fig. 7C). From
M and V, seed density (p) was obtained for each in-
dividual seed (Fig. 7D) and used to calculate mean
densities (Table III). For barley and Arabidopsis, cor-
relations between M and V, as well as between M and
V,p, are presented in Figure 8. Seeds of barley accessmn
Barke showed a good correlation for M versus V (7 =
0.93; Fig. 8A) but not for M versus V,p, (* = 0.37), where
two clusters of data were observed (Fig. 8B). The two
clusters can be explained by systematic errors in 2D
images from which W,,, and thus V,,, are determined,
because barley seeds may lie either on the ventral/
dorsal side or on the edge, as photographs taken at the
3D imaging station demonstrate (Fig. 8B, insets). For
seeds of Arabidopsis accession Col-0 (Flg 8, C and D),
the correlations were even worse (r* = 0.28) when M
versus VzD was plotted (Fig. 8D) but also for M versus V
(Fig. 8C; r* = 0.49). The main reason for the data scat-
tering in Figure 8C was inaccuracy in measuring the
seed mass (ranging between 10 and 35 pg) due to limited
reproducibility, as mentioned above.

Results of all three species with three accessions each
are presented in Figure 9, where the seeds were sorted
by M and both V and V,, were scaled to meet the range
of M. The data of V matched M very well for all mea-
sured accessions of rapeseed, whereas V,, matched M
rather badly (Fig. 9, A-C). In the case of barley, the data
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Figure 6. Frequency histograms of seed traits of rape-
seed accession Wotan. A, Projected area of seeds. B,
Seed volume. C, Seed mass. The bin sizes are 0.15 mm?,
0.15mm?, and 0.15 mgin A, B, and C, respectively.
Red curves represent normal distributions fitted to the
histograms.

of V matched M rather well for Barke and HOR13719
(Fig. 9, D and E, respectively), while, for HOR9707,
deviations between M and V became obvious (Fig. 9F)
and V,, matched M rather badly in all three accessions
(Fig. 9, D-F). The clustering of V, values due to the
seed orientation can be seen in particular with Barke
(Fig. 9D), as already shown in Figure 8B. The data of
both V and V,, did not really match M for all three
accessions of Arabidopsis (Fig. 9, G-I), and again, V,,
matched M rather badly. The stepwise increase in M
visible in Figure 9, G to I, reflects the 1-ug resolution
steps of the balance, limiting accurate weighing of seeds
as light as Arabidopsis. This limitation also might ac-
count for the poor congruence of M and V for very small
and very large seed sizes in Figure 9, G to L.
Additional correlation results of all measured spe-
cies and accessions are presented in Table III and
Supplemental Figures S7 to S15. Llnear fits to M versus
V, showed snmlar correlations (* = 0.35-0.7) to M
versus VZD (r* = 0.28-0.8), generally much worse than M
versus V (r* = 0.89-0.99 for rapeseed and barley and 7* =
0.5-0.72 for Arabidopsis). For all investigated species,
the analyzed seed traits showed statistically significant
differences between the three accessions with very few
exceptions (Table III). This shows that the measurement
accuracy and sample size possible with phenoSeeder
allow a detection of statistically significant differences
of trait means between genotypes, even if the absolute
differences are rather small. The values of V, and V,
generally were overestimated compared with V (Table
III), because the heights used for volume calculation
from 2D data (W or W,; see Table I) were always
higher than measured H (Table III; Supplemental Figs.
S7-515, O). Since the volumes calculated from 2D im-
ages were too big, the corresponding density values, p,
and p,p, turned out too low compared with p, calcu-
lated from V (Table III; Supplemental Figs. S7-5S15, J-L).

DISCUSSION

Seed mass across the plant kingdom is highly defined
by plant and genome size rather than by the mode of
dispersal or environmental conditions (Linkies et al.,
2010). Compared with other morphological traits, seed
mass is a most important parameter, indicating the
potential to supply both radicle protrusion (germina-
tion) and seedling establishment (Salisbury, 1974;
Montesinos-Navarro et al., 2011; Igea et al., 2016). An-
atomical structures, but also the ratio between carbo-
hydrates and lipids, may affect seed mass (Rolletschek
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versus measured volume. D, Seed density plotted for each individual
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et al., 2015); for example, overexpression of diacyl-
glycerol acyltransferase cDNA in Arabidopsis has been
shown to enhance oil deposition and average seed size
(Jako et al., 2001). Since weighing individual seeds is
laborious, projected area often is used as a proxy for
seed mass, which can be highly erroneous, as discussed
below. Seed traits are complex, and there is not just one
best trait characterizing a seed. Therefore, we propose
that measuring 3D properties of individual seeds, such
as volume and mass, in addition to generally measured
2D parameters opens new possibilities to study seed
biology in greater depth.

For reliable handling of single seeds, a well-coordinated
interplay between the phenoSeeder’s robot actions (Fig.
1; Supplemental Fig. S4) and the pneumatics delivering
either vacuum or overpressure to the nozzle (Fig. 2;
Supplemental Fig. S1) has been implemented. For dif-
ferent seed types, specific parameters (e.g. robot speed,
maximum seed height, release pressure, or color thresh-
olds) have to be defined in pretests to ensure proper
handling. Once a dedicated parameter set is recorded in
the database, automated phenotyping can be started by
choosing a given species or accession on the screen. A
particular challenge was handling very small seeds of
Arabidopsis (Fig. 2C). The main solutions were a very
precise positioning robot, dedicated nozzles for seed
uptake and release, and fine-tuning of the parameters
for seed sucking and release. While seeds of rapeseed
(Fig. 2D) are easy to handle, this is not necessarily true
for all larger seeds, in particular when the seed surface
is rough and irregular (like that of barley; Fig. 2E). After
constructing and testing a large number of different
nozzles, we predict that three different nozzle tools will
be sufficient to handle most seeds ranging in size be-
tween Arabidopsis and maize (Zea mays). Particularly
when seeds are stored in plastic tubes, electrostatic
charging of seeds can be a serious issue and may lead
to sucking up several (clustered) seeds at once or pre-
vent the release of a seed from the nozzle. This prob-
lem has been minimized by proper grounding of all
phenoSeeder parts. Failure rates in seed release are
below 1% in most cases, and seed positioning is very
precise (Supplemental Fig. S5). Although the primary
positioning precision of the robot system is extremely
high, the final position of a seed may be very dependent
on the properties of the substrate, such as wetness or
roughness of the surface, and also properties of the
seeds.

Projected area is measured either by microscopic
analyses (Alonso-Blanco et al., 1999) or quite often by
scanning methods (de Jong et al., 2011; Tanabata et al.,
2012; Moore et al., 2013). For 11 natural accessions of
Arabidopsis, a quite good correlation (r* = 0.8879) of A

seed. Red lines denote afitof y=a x*” (A) and a linear fit of y=ax(Band
C). Short-dashed lines are identity lines (B and C), the long-dashed
line denotes y = 1 (D), and blue lines indicate 95% prediction in-
tervals (A-C).
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Figure 8. Correlations between selected seed traits of barley and Arabi-
dopsis. A and B, Barley accession Barke. C and D, Arabidopsis accession
Col-0. A and C, Seed mass versus measured volume. B and D, Seed mass
versus volume calculated from length and width of projection. Red lines
denote linear fits of y= a x, and blue lines indicate 95% prediction intervals.
The dashed lines in the panels indicate identity lines. In B, the insets show
barley seeds sucked at the nozzle tip, illustrating two different positions of
seeds when lying on the optical glass filter of the 2D imaging station; this is
responsible for the clustering of data.

with average seed weight has been reported (Herridge
etal., 2011). However, the trend line fitted to the data was
linear in A (Herridge et al., 2011) and not proportional
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to A*?, as one would expect (Fig. 7A). Statistical cor-
relations are of limited use when single-seed perfor-
mance is of interest, as observed here, where M was not
well presented by A for all investigated genotypes
(Supplemental Figs. S7-515). While for the measured
rapeseed genotypes the correlation M versus V,, was
little better than M versus A, the opposite was found for
barley and Arabidopsis (Table III). In general, a better
correlation is not necessarily an unambiguous measure
of correctness: when V,, was taken as seed volume, the
resulting seed density, p,,, was markedly smaller than
1 mg mm ™, which is rather unlikely (see also the slope
of the linear fit of Fig. 7B, Supplemental Fig. S7-515, K,
and Table III). Another general problem of scanning
methods is the fact that particularly angular seeds may
have distinct positions when dispersed on a flat (scan-
ner) surface, as demonstrated by the images of barley
grains in Figure 8B. This also would affect other pa-
rameters derived from scans, such as L, and W,, and
indicates that even relatively simple scanning proce-
dures can be prone to systematic errors.

Direct measurement of a single seed volume is not
easy to achieve, and published data are based mainly
on sophisticated methods such as x-ray CT (Stuppy
et al., 2003; Friis et al., 2014). With phenoSeeder, images
of seeds sucked at a nozzle are taken from different
angles (Fig. 4) and, by 3D reconstruction, single-seed
volumes are achieved (Roussel et al., 2016) with good
repeatability (Table II). The optical measurement and
space-carving procedures used here for 3D recon-
struction (Roussel et al., 2016) cannot represent each
groove on a seed surface. Therefore, we assume that
the measured volumes are slightly overestimated, in

Figure 9. Seeds of the different investi-
gated plant species and accessions sorted
by seed mass. The blue lines represent seed
mass (M), red crosses denote measured
volume (V), and green circles represent
volume calculated from length and width
of projection (V,p). For better readability,
both V and V, were scaled by the slopes

of linear regressions to meet the range of
M. Ato C, Rapeseed accessions Wotan (A),
Expert (B), and Pirola (C). D to F, Barley
accessions Barke (D), HOR13719 (E), and
HOR9707 (F). G to |, Arabidopsis acces-
sions Col-0 (G), Lag2-2 (H), and Agu-T1 (I).
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particular for seeds with rough surfaces such as barley.
Still, the measured volume, compared with A, provided
a much better proxy for M, as becomes obvious when
comparing the correlations of M versus A and M versus
V (Table III). Automated seed mass detection with
phenoSeeder was very reliable for both rapeseed and
barley (Table III). However, for Arabidopsis seeds
having extremely low masses, weighing errors became
significant, which also explains the weak correlations of
Mersus V for the three Arabidopsis accessions and the
relatively high RSD values of seed density (Table III).

As reasoned above for estimating M from A, a cor-
relation between M and V may be rather good as long
as average values of masses and volumes are com-
pared, but when single seeds are regarded, statistical
correlations are of limited use. Different densities (Table
I1I), also represented by different slopes of the M versus
V plots (Supplemental Figs. S7-515), suggest that there
is not just one universal equation to calculate M from V
(or A) for all seeds. Yet, seed mass calculation from V, or
in specific cases even A, may become applicable when
calibration parameters for a given species or accession
have been assessed. For the tiny seeds of Arabidopsis,
the balance readings were randomly scattered when
reaching the measurement limits. Estimating M from V
might be a valid way to overcome this issue of weighing
imprecision. Considering the very good correlation
between M and V for larger seeds with rather similar
shape, as for rapeseed (Supplemental Figs. S7-59), we
might assume that, for single Arabidopsis seeds, mass
can be estimated reliably from V by taking the slopes of
a linear fit to M versus V of a particular genotype
(Supplemental Figs. S12-514).

Common methods in seed processing and evaluating
size distributions are separating seed batches with
sieves of defined meshes, as shown for Arabidopsis
(Jofuku et al., 2005), or image analysis methods using
2D seed shape parameters, as shown for rice grains
(Tanabata et al., 2012). Since, besides other seed traits,
seed size distribution is “significant for the seed com-
panies and processing industry affecting product value”
(Shahin and Symons, 2005), both seed sieving and
image-analysis approaches were compared with re-
spect to reproducibility and speed (Shahin and Symons,
2005). We are aware of the fact that the throughput of
phenoSeeder is not high compared with the standard
procedures used by seed companies. Yet, we are con-
vinced that, for example, it is suitable for various re-
search approaches or to assess aliquots of seed batches
to evaluate standard methods used for seed classifica-
tion. A particular feature of phenoSeeder is the potential
to classify seeds by all measured traits and to sort seeds
by any criterion. The histograms in Figure 6 show that,
for rapeseed accession Wotan, frequencies of A, V, and
M were almost normally distributed. In Supplemental
Figures S7 to S15, the frequencies of V, and V,, are
presented for all analyzed species and genotypes. It
can be seen that trait distribution does not match the
normal distribution in some cases, such as V of rape-
seed accession Expert or Pirola (Supplemental Figs. S8D
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and S9D, respectively) or A of barley accession Barke
or HOR13719 (Supplemental Figs. S10A and S11A, re-
spectively). Such deviations from normal distribution
can be based on different factors, like impurities, het-
erogenous genetic background, or hampered seed
development caused by disease or abiotic stress, but
they also may point to measurement errors, as shown
with the 2D scans of barley seeds. Thus, frequency
histograms based on single-seed detection considering
different traits can be used for quality assessment of
seeds.

Seed density is a rather complex trait because dif-
ferent seed parts, such as seed coat (Alonso-Blanco
et al., 1999; Young et al., 2007), lipid content in the en-
dosperm (Fuchs et al., 2013), or void space inside a seed
(Verboven et al., 2013) may contribute differently. Air
space in seeds may mask different oil contents, as
reported for rapeseed by measuring the commonly
applied seed buoyant density (Young et al., 2006). The
seed volumes reconstructed here may be slightly
overestimated as discussed, and the true p values could
be somewhat larger than the ones presented in Table III
(1.05-1.29 mg mm > throughout all measured geno-
types). However, when volumes estimated from 2D
scans were used to calculate p, and Pon, (Table III), all
densities were clearly below 1 mg mm ™, showing that
the achieved 2D data were not suited to achieve proper
values of seed volumes. The mean density values of the
three rapeseed genotypes (1.12-1.14 mg mm >; Table
III) match very well to data of two rapeseed popula-
tions, with a main density class at 1.13 mg mm >
(Young et al., 2006). Phenotyping of individual seeds as
presented here can be used to search for seeds with
unusual properties, opening possibilities for subse-
quent in-depth (e.g. anatomical, metabolomic, or ge-
nomic) analyses.

At the present stage of development, phenoSeeder is
used for routine seed phenotyping as demonstrated,
but there are still possibilities for improvement and
extension. Due to the modular and flexible structure of
the system, future approaches are so manifold that only
a few can be mentioned here. Extensions under con-
struction or planned are (1) multiwell plates for in-
termediate storage of single seeds (Fig. 5, option 4),
enabling seed classification a posteriori (option 5), as
described above, or fast planting into substrates (option
6); (2) automated seed delivery systems; and (3) color
and pattern recognition at the 3D imaging station. We
are trying to increase speed, since, so far, a full cycle of
phenotyping takes up to 35 s for one seed (Supplemental
Table S1) and direct planting of a phenotyped seed may
cause a considerable delay between the first and last seed
of a large seed batch. Seed planting from multiwell plates
(Fig. 5, option 6), however, would need only pick and
place, which is much faster. To monitor different traits of
interest beyond morphological ones, additional sensors
could be implemented: near-infrared spectroscopy to
analyze the chemical content of seeds (Agelet and
Hurburgh, 2014); chlorophyll fluorescence to score seed
maturity and performance (Jalink et al., 1998); spectral
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imaging to classify common wheat (Triticum aestivum)
and durum wheat (Triticum durum; Benoit et al., 2016);
low-field NMR to measure both solid and liquid parts
of a seed, as demonstrated for growing bean (Phaseolus
vulgaris) pods (Windt and Bliimler, 2015), or chemical
components, such as lipids, carbohydrates, and pro-
teins (Rolletschek et al., 2015); or x-ray CT to image
internal seed structures, allowing, for example, the de-
tection of internal defects of seeds (Stuppy et al., 2003;
Belin et al., 2011; Yamauchi et al., 2012; Verboven et al.,
2013). Further developments of phenoSeeder can be
followed at www.phenoseeder.de.

phenoSeeder can be employed for a large number of
applications, such as characterizing seeds of unknown
collections, evaluating seed quality, or setting up seed-
to-plant tracking pipelines. It might even be considered
for seed germination studies using blotting paper, allowing
one to correlate germination not only with seed traits
obtained from projections (Joosen et al., 2010; Demilly et al.,
2014) but also with seed volume, mass, or density. Re-
garding the large diversity of seeds and the high com-
plexity of seed traits, we conclude that the phenoSeeder
approach enabling automated identification and monitor-
ing of relevant traits of individual seeds provides a wide
range of valuable options for applications in seed biology.

MATERIALS AND METHODS
Plant Material

The term seed is used here in a functional sense including diaspores such as
caryopses (see also Supporting Online Material of Moles et al., 2005). The in-
vestigated seeds of rapeseed (Brassica napus) with the genotypes Wotan, Expert,
and Pirola were from Norddeutsche Pflanzenzucht Hans-Georg Lembke,
seeds of barley (Hordeum vulgare) with the genotypes Barke, HOR13719, and
HOR9707 were from the gene bank at Leibniz Institute of Plant Genetics and
Crop Plant Research, and seeds of Arabidopsis (Arabidopsis thaliana) with the
genotypes Col-0, Lag2-2, and Agu-1 were from the 1001 Genomes project
(Weigel and Mott, 2009). Images of seeds of the different species and genotypes
are presented in Supplemental Figure S6.

System Specifications and Statistical Analyses

More information and detailed specifications of the phenoSeeder compo-
nents are provided in Supplemental Materials and Methods S1. Statistical
analysis was performed using the Matlab (R2015b; MathWorks) Statistics and
Machine Learning Toolbox as well as home-built procedures. The Matlab
function histfit was used for plotting histograms with included fitted normal
distributions in Figure 6 and Supplemental Figures S7 to S15. The Matlab
function ttest2 was used for the pairwise comparison of sample means in Table
III by a two-sample Student’s f-test, assuming unequal variances of the two
samples (also called Welch's t-test). Linear and nonlinear fits as well as the
estimation of 95% prediction intervals shown in Figures 7 and 8 and Supplemen-
tal Figures S7 to 515 were performed using procedures described in detail in
Supplemental Materials and Methods S1.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Scheme of the pneumatic system.
Supplemental Figure S2. Photographs of the 2D imaging station.

Supplemental Figure S3. Photographs of stations for weighing, cleaning,
and calibration.

Supplemental Figure S4. Activity diagram of the phenoSeeder workflow.
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Supplemental Figure S5. Example of seed planting at the seed placement
station.

Supplemental Figure S6. Images of seeds of all nine accessions measured.
Supplemental Figure S7. Seed traits of rapeseed accession Wotan.
Supplemental Figure S8. Seed traits of rapeseed accession Expert.
Supplemental Figure S9. Seed traits of rapeseed accession Pirola.
Supplemental Figure S10. Seed traits of barley accession Barke.
Supplemental Figure S11. Seed traits of barley accession HOR13719.
Supplemental Figure S12. Seed traits of barley accession HOR9707.
Supplemental Figure S13. Seed traits of Arabidopsis accession Col-0.
Supplemental Figure S14. Seed traits of Arabidopsis accession Lag2-2.
Supplemental Figure S15. Seed traits of Arabidopsis accession Agu-1.
Supplemental Table S1. Average time needed for seed handling.
Supplemental Movie S1. The phenoSeeder system in action.

Supplemental Materials and Methods S1. Additional information and
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