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Quantifying transport
and root growth

dynamics with MR




4. Highlights of work by R. Koller’s Group: PET and MRI
analysis of Cassava Storage Roots

Robert — Positron Emission Tomography (PET) measurements of
Koller phloem flow velocities in 3 plants VC, C2-8 4261 and C2-
8 4662:

— Transport velocity and assimilation rate is higher in AKT2 constructs
than in control

Ralf
Metzner

Julich Forschungszentrum
Institute of Bio- und
Geosciences:

Plant Sciences (IBG-2)

Zierer et al., 2025: https://doi.org/10.1101/2025.05.26.655271



https://doi.org/10.1101/2025.05.26.655271

4. Highlights of work by R. Koller’s Group: PET and MRI
analysis of Cassava Storage Roots

Robert — Magnetic Resonance Imaging (MRI) for non-invasive 3D

Koller monitoring of storage root development over several weeks
— Provided useful growth trajectories for modeling, even though
variability was high

Ralf
Metzner

Development of wild type
storage roots from MRI
(soil segmented out)

Julich Forschungszentrum
Institute of Bio- und
Geosciences:

Plant Sciences (IBG-2) . S4.2daysafter sowing 'J JULICH
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1. UAV data acquisition

and processing




1. UAV data: fields used for analysis

2025 field layout
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— All results going to be presented are focused
on WF1 and WF2 fields

— Both with new transplants of 15+ constructs,
100 accessions

— WF1 with 16 replicates in most of the cases
(1600 plants), while WF2 with 21 replicates in
most of the cases (2100 plants)

— WF1 planted (24.03) about 3 weeks later
than WF2 (03.03)
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1. UAV data: fields used for analysis
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— Every single plant is geolocated and
identified according to its genotype,

event and replicate
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1. UAV data: datasets collected

WF1 - 2025-04-29 WF2 - 2025-04-29

AnanAnnARAARH A

2664820
2664730

— 8 UAV datasets collected on:

* April 29

« May 12

« May 23

e June 9

 June 28

* July 12

« July 21

* August 11

2664788
2664698

— RGB is visible reflected light recorded
in red, green, and blue

2664756
2664667
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1. UAV data: RGB imagery to canopy structure

+2.664e6

720 { |

700 A

— From RGB imagery (visible light),
elevation data are generated using 3D
surface reconstruction

680 -

— Single plant level growth information

660 -

640 -

+2.677e5
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1. UAV data: RGB imagery to canopy structure

Isometric Front

— Plant height is represented as the 95"

percentile (Q99), i.e., the value below
which 95% of the data fall (blue points)

Side Top

0.2

3.2 2.4 2.4 3.2
X X

X
Note: Axis values are shown without scientific notation. Hidden offsets (e.g., +2.3e5) apply uniformly. ' ' ' U L I c H
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1. UAV data: RGB imagery to canopy structure

Isometric

Side

Note: Axis values are shown without scieni

Front

— Plant height is represented as the 95"

percentile (Q99), i.e., the value below
which 95% of the data fall

Top — Plant volume equals the sum of column
" | volumes derived from each pixel

X

X
tific notation. Hidden offsets (e.g., +2.3e5) apply uniformly. ' ' ' U L I c H

Forschungszentrum



1. UAV data: Growth information at single plant level

Plant volume (m3)
= Vi, Vi=hixAx
1

Plant height (m)

RGB with contours overlaid
=95 percentile

X +2.6774e5 : .
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+2.66468e6
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— Since 2022, 9170 cassava plants have been measured

— Data stored in CSV files by year (by trial) aligned with Cassbase standards



1. UAV data: improvements in data management for Cassbase

Trait Tralt cass Composite
Plant-level unique ID name day ID trait
| observationunit_name plant height per plot in m|CO_334:0002033| | cass day 109 | CASSTIME:0000182 | COMP:0334464
112024_EF1-10_C2-8 ETH4261_S 1.3758698834313288, 2024-07-12 10:37
\ J
|

Repeated for all the traits and for all UAV datatasets




2. Seasonal growth

dynamics




2. Seasonal growth dynamics: all events
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— Focus on plant height (for time reasons)

L, ; — Growing Degree Days (GDD) measure heat accumulation
- TR e driving plant growth
S e ”_ — Shaded area = 95% conf. int. (uncert. around the mean)
Height (m

— In blue: accumulated precipitation



2. Seasonal growth dynamics: all constructs
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— Growth of most of the genotypes is similar to VC

— ETH37487 and ETH37490 show consistently smaller

growth values
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2. Seasonal growth dynamics (constr.): relative growth rate (RGR)
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— Despite their lower final canopy height, ETH37487
and ETH37490 exhibited greater shifts in growth rate,

with noticeable accelerations and slowdowns across

the season
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1. Seasonal growth dynamics (constructs)

Average Height by Construct — WF1
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— VC ... Shows a mid-season dip in canopy height, followed by renewed

growth.



1. Seasonal growth dynamics (constructs)

Average Height by Construct — WF1
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BEENINE .. Stays fairly stable through most of the season, then
declines at the last measurement.
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1. Seasonal growth dynamics (constructs)

Average Height by Construct — WF1
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— C56 (GPT/NTT) ... Starts shorter, grows strongly mid-season, and finishes in
the upper-mid range.



W 3. Pulse amplitude
R 4 / modulation (PAM)-based

- photosynthesis data




3. PAM-based photosynthesis: Measured plants

267759

773

WF1 - 2025 WF2 - 2025
— 36 plants of four constructs of interest
and VC
| Construct | Event | Eventreps | Constr. reps|
C2-16 C2-16_ETH4808 3 ’
] 8] Construct C2-16 C2-16_ETH4812 3
8 & e C2-8 C2-8_ETH4261 2
— it C2-8 C2-8_ETH4262 3 9
- C2-8 C2-8_ETH4265 4
C56 C56_ETH4838 3 ;
C56 C56_ETH4847 4
21 - ETH37487 ETH37487-14 1
g g ETH37487 ETH37487-4 4
ETH37487 ETH37487-55 1
ETH37490 ETH37490-9 2
VC VC_ETH4221 4
VC VC_ETH4234 2



3. PAM-based photosynthesis: ETR

300 300 300

C56 (GPT/NTT)
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Light-response curves of six cassava constructs showing electron transport
rate (ETR) versus photosynthetically active radiation (PAR). Curves are
exponential rise-to-maximum fits. The reported values (ETRmax *+ SE)

indicate the fitted maximum ETR with its standard error of the estimate, and

n corresponds to the number of replicate plots per construct.

— ETR (Electron Transport
Rate): estimates the flow of
electrons through PSII
during photosynthesis and
serves as a proxy for
photosynthetic efficiency
under varying daylight
conditions



3. PAM-based photosynthesis: ETR

ETR distribution within PAR 400-600
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° C56 C2-8 ETH37487 C2-16 ETH37490 VC — Fv/Fm (at 4 am): maximum
Construct efficiency of PSIl in dark-
Distribution of electron transport rate (ETR, pmol m™2s™") across adapted leaves, indicating
constructs within a photosynthetically active radiation (PAR) window overnight recovery after the
of 400—600 pmol m™ s™'. Grey points show individual plot

demands of daylight exposure.
Values near 0.83 reflect minimal
stress, while reduced values
signal photoinhibition

measurements.



3. PAM-based photosynthesis: ETR + Fv/Fm

ETR distribution within PAR 400-600

160 -
140 1 !

120 1 ‘,f T —|_
100 1 _-P.
o L 1 ==

60 1
40 1

ETR

20 {

C56 C2-8 ETH37487 C2-16 ETH37490 VC
Construct

Distribution of electron transport rate (ETR, umol m™ s™) across
constructs within a photosynthetically active radiation (PAR) window
of 400-600 ymol m™2 s™. Grey points show individual plot
measurements.

) Average Fv/Fm

[ L

C56 C2-16 FETH37487 C2-8 ETH37490 \C
Construct

Average Fv/Fm values measured at 4 am across six
constructs (C56, C2-16, ETH37487, C2-8, ETH37490,
VC). Points represent mean values and error bars
indicate standard deviation (SD).



3. PAM-based photosynthesis: ETR + Fv/Fm

Mean Fv/Fm vs Mean ETR (PAR 400-600)
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Mean Fv/Fm (* SE)

Relationship between mean Fv/Fm (measured at 4 am, =SE) and
mean electron transport rate (ETR, PAR 400—-600 pmol m™2s™,
+SE) across six constructs

— Constructs with higher early-morning

Fv/Fm (better overnight recovery, less
stress) show higher ETR, linking low
stress status to improved daytime
photosynthetic performance



4. Other activities to report




Growth Dynamics Phenotyping in Cassava Breeding CASS

RESEARCH 1

Trials: Challenges and Opportunities of Aerial Information
J. Quiros™’, S. Chang2 T. ChiuZ, J. Bendig!, W. Z|ener‘3 W Grulssem2 U. Rascher’, O. Muller! JULICH

Other ongoing activities: s S e €) 0L
Participation at European Plant

Cassava is a vital staple crop for food security in Sub-Saharan Africa, where it provides a primary source of calories for hundreds of millions of peaple. Despite its importance, cassava yields in that region remain low reaching only about one.
uum ofits agronomic potential. This yield gap is atiributed to environmental sressors such as poor soils and erratic rainfall. The CASS (Cassava Source-Sink) project, a multidisciplinary research consortium, works to tackle this issue by re-

- L]
incering cassava’s ternal physiology to favor incased carbohydite flow m\ard the roots. This is achieved theough advanced molccula suatgics such as modn(vmg sugar transport, optimizing carbon allocation, and improving root
¢ % ~ g 5 5 . ¥ A

il eal) \BP TN

Cassava Growth Dynamics
Phenotyping, Methods

Challenges in UAV-based Cassava
Canopy Volume Estimation

Opportunities in UAV-based
phenotyping for cassava breeding

> The high temporal resolution of UAV-derived dat, compared to
sporadic hand measurements, enables dynamic  growth
monitoring and the cstimation of complex traits such as
repeatability () and broad-sense heritability (H). R quantifis the
proportion of variance explained by genotype (0%) relative to total
arincescioss replicates (e, 1), while 11 expreses e propoton of
otal phenotypic variance (6% — oy + 07,) altibutable to genetic
cilen A gt i bt )

—» Above ground Information from wamanaed serial veices UAVS) 1
W eoabics high-throughput, nondestructive phenotyping, providing
rapid and repeated measurements of crop growth and development
1 E i ot et U e e
Bl Girences and environmental responses at cals notachievable with
manul methods, yet emains scacely esplored fo cassava in Sub-
B S v

 plant’s light
s with photosynthetic potential and yield. Yet, after

| > We apply UAV-based established methods for trait extraction, 3. Ut w68 emorane elccicuan oyl broa
M including canopy volume (Quiros-Vargas et al., 2019). calculated as o e
ls T e TR T T P T o o+ ady o
| (Bendig et al., 2014), defined as the 95 percentile of the point cloud b= o= =
height or volume between time poins. ssdaing dioy AL o2
J ic N @

4 e i s =
e i oG+ Opp + 0F

30 point cloud Vertical profile —>As an example, R and H* were et from a mult

cassava breeding experiment conducted at two locations in Nigeria,
here 14 genotypes (cach with two replicates) were evaluated for

height, volume, and their RGRs befween 2018 and 2020 (Fig. 7).
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Figure 7. Fid aoussnd il locstions in Nigeia. Expermenil plts showing the sgeent
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> UAV-based monitoring captures detailed growth dynamics in

A B T T S It 4] P 4.0 o emsions of st ot DAP 5 ) 0 DAP 1405, St e

colored by el it exposure,  messre o o sonl e caops e 1 At by 3
of plant development under field conditions and, when combined with it i 35 i 1) b o rpaloopdomii Yellow resious indicate = = o . = : 4
simultaneously recorded environmental factors such as temperature p— Shnded acas. At DAP 110, Rivasjcontstently higheglianjipacnesial UdvderiveRious) |1

with height and volume showing the strongest values, while relativ
‘growth rates (RGR, and RGR.) displayed lower but still meaningful
estimates (Fig. 8).

and precipitation, allows precise assessment of genotype performance |

w.‘,,m\ e ooy vokaseexnling o oA I Bt bcomes il v above s
across the growing season (Fig. 2a). The resulting high-resolution i s

> Potential supportive elements include inteerating side-view imagery
collected twice during the scason, which shows strong corrclation
with shoot fresh weight (Fig. 5). and using full crown segmentation-
bascd methods such as the weighted Voronoi method (Fig. 6) to beticr
capture individual plant traits over the continuous canopy surface
afte its losure.

R and H? for UAV-Derived Traits
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data (R? = 089; Fig. 2b). confirming the reliability of this approach
for large-scale phenotyping. Together, thesc results highlight how
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heritability (Fig. 9). This dynamic perspective ad
such as Nascimento et al. (2025), by showing how genetic variance
drives changes in F across developmentl stages
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U Ao sty el i i, o desctiv, d emporl e ot of ey o dl v el et o ot bt Jolospudes Geldsocdons. By
performance: responses P an sporadic manual measurements, UAVS provide a powerful tool for advancing cassava breeding.
2 Afler canopy. l:kmnv estimating individul plant volumes P increasingly difficult as overlapping canopies obscure sub-canopy structure. Integrating complementary side-view imagery with advanced
segmentation methods, such as weighted oronoi approaches. offers potential solutions to recover plantspecific information at later developmental stages.
3. UAV phenotyping can be used to deliver estimates of repeatability (R) and broad-sense heritabilty () for cassava traits, with height and volume showing the strongest genctic signals. High-temporal UAV
datasets further reveal when heritability peaks during the season, guiding breeders on the optimal timing for rait-based selection.
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Other ongoing activities: Revisit of ‘old' data from lITA field trail
(2018-2020)

Grov ?'\[\.J"l':"‘lif
( h - ™~ ™

. Height I RGR; — Reprocessing of the 2018-
[ Foome o ey | —— — 2020 field data using the now
? [ o ] [ voume I Rrer, | established workflow for UAV
ik N J\ y imagery
iShapeﬁle
e — Advanced paper draft on
ﬁ%’% ’ ‘ E % heritability (H?) and
o | porameters o | oo repeatability (R) of growth
o= - DIMSNCON — parameters of 52 genotypes

OPre-processing © Processing © Analysis
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Other ongoing activities: Potential synergy with CASSAVASTORE
project — database on root traits available

— High-throughput phenotyping of 54.000 cassava
//'L\\ CASSAVASTORE plants from 600 accessions screened; ~10 million
‘ root images analyzed with 2D and 3D imaging to
extract key root traits
—Cassava growth model integrating physiology,
environment, and phenotyping data
—Cassavastore database as a platform for data
integration and breeding applications

I

www.cassavastoredb.nbt.or.th

Wilhelm et al. 2022: Plant Phenomics,
article no 9767820
www.international-bioeconomy.org/cassavastore _eng



http://www.cassavastoredb.nbt.or.th/
http://www.international-bioeconomy.org/cassavastore_eng
http://www.international-bioeconomy.org/cassavastore_eng
http://www.international-bioeconomy.org/cassavastore_eng

Take home messages

—UAV data (up to August 11) are stored in yearly, standardized CSV files aligned
with Cassbase.

—Aerial information reveals diverse growth dynamics

—ETH37487 and ETH37490 grew less overall but displayed greater shifts in growth rate, showing the value
of UAV-derived dynamics beyond final canopy size.

—UAV-based monitoring revealed varying growth patterns among constructs: VC dipped then recovered,
C2-8 declined late, and C56 showed strong mid-season growth.

—~>PAM-based measurements show construct-level differences in photosynthesis.
Constructs with higher early-morning Fv/Fm (lower stress, better overnight
recovery) also exhibited higher ETR, particularly C56 (GPT/NTT).

g JULICH

Member of the Helmholtz Association Forschungszentrum






Support slides...




Other ongoing activities: Brief disease analysis

Spectral Signature: Diseased vs Healthy

—— Diseased Zoom on NIR
3.00e+04 4 —— Healthy

l44e+04

— Multispectral signals of disease
are subtle and easily masked,
limiting detection accuracy. Robust
improvement requires combining
RGB and spectral data with high
temporal resolution and contextual
information.

2500404 L36e+04

128e+04

2.00e+04

1.20e+04

1.50e+04

100e+04

5.00e+03

Reflectance (normalized units)

0.00e+00

Blue Green Red RedEdge NIR Thermal

Spectral signatures of healthy and diseased cassava plants, with differences
most pronounced in the NIR region (inset). Right: visual symptoms observed
on diseased leaves



Northing (m)

2. PAM-based photosynthesis
data collected

Northing (m)

» 0 4 N B 0 & D

Easting (m)

+2.677¢5

— The original plan to measure 48 plants
monthly failed due to instrument issues in
the first cycle

— Designed to work with two working stations
(MoniDAs) in tandem

— But one stopped working about 3 weeks
after being installed

— Therefore only 36 plants could be measured
in July



Multiyear spatial heterogeneity in WF1

2022 (0609) 2023 (0620) 2025 (0609)

+2.664¢e6 +2.664¢e6 +2.664e6

— SSIM (Structural Similarity Index):
Captures spatial pattern similarity
by comparing two images in terms
of properties like brightness,
contrast, and spatial structure (0 =
completely different; 1 = identical).

---- Smaller plants zones

© % ® 0 n
X +2.677e5 X +2.677e5

« 90 L]

| —
0.0 0.5 10 15 20 2.5

Elevation (m)

— 2023-2025: 0.705 and 2022-2025 = 0.70 — similar spatial structure in those pairs.
— 2022-2023 = 0.201 — markedly different structure.



WF1 - DAP 110

A Selection of plants for PAM measurements
. WF1 (DAP = 110) height distribution with numbered selected plots
. ¢ 17 _<12>_
) E‘,l:z—
A655Y\b‘%0%
ey e — UAV-derived canopy height used to

-5 Emazas identify plants with non-extreme growth

= emsos o (avoiding outliers) to ensure
o . . representative PAM photosynthesis ' 4 JULICH
267732 267745 267759 267772
measurements. J Forschungszentrum



Comparison between classical A-Ci and ETR information

Classical A-Ci Curve vitn Classical ETR-PAR Curve
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Intercellular CO: (Ci, umol mol-?) PAR (umol photons m-2? s-1)

— Both the A-Ci curve and the ETR-PAR curve give information about photosynthetic performance, but from
different angles. The A-Ci curve shows how photosynthesis changes with CO, availability, based on CO, gas
exchange. The ETR-PAR curve shows how photosynthesis changes with light, based on chlorophyll
fluorescence-derived electron transport rates.



1. UAV data: multispectral imagery

Isometric Front

— From RGB imagery (visible light),
elevation data are generated using 3D
surface reconstruction

— Plant height is represented as the 95"

percentile (Q95), i.e., the value below
which 95% of the data fall

_ — Plant volume equals the sum of column
o . h volumes derived from each pixel

— From multispectral imagery (visible +
non-visible light), we also obtain infrared
information, where healthy plants reflect
more and stressed plants reflect less

0.8

047 M3

0.2 0.2

3.2 2.4 2.4 32

Note: Axis values are shown without scientific notation. Hidden offsets (e.g., +2.3e5) apply uniformly.



Pulse amplitude modulated (PAM)-based quantification of
photosynthesis dynamics: example of diurnal dynamics

Example: VC 4220 plants at location 01. 2023-FH
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Pulse amplitude modulated (PAM)-based quantification of
photosynthesis dynamics: Chlorophyll fluorescence (ChlF)

Chlorophyll
fluorescence

]
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Linear
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y |—} Carbon fixation —p» productivity
“Ua

2 Electron
Transport
(LET)

[¢]
(Y
o

(@)

@
3
=

Key parameters:

—Fv/Fm: maximum photosynthetic quantum
yield measured at night.

—Y (Il): effective quantum efficiency of
photosystem limeasured during the day.

—ETR: “electron transport rate”, electrons being
transported between photosystems (Il and I).

—ETRmax: maximum ETR at saturating light
intensities.

—NPQ: “non-photochemical quenching”, heat
dissipation as a mechanism of
photoprotection.
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