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Abstract

Cassava has the potential to alleviate food insecurity in many tropical regions, yet few breeding efforts to increase
yield have been made. Improved photosynthetic efficiency in cassava has the potential to increase yields, but
cassava roots must have sufficient sink strength to prevent carbohydrates from accumulating in leaf tissue and
suppressing photosynthesis. Here, we grew eight farmer-preferred African cassava cultivars under free-air CO, en-
richment (FACE) to evaluate the sink strength of cassava roots when photosynthesis increases due to elevated CO,
concentrations ([CO,]). Relative to the ambient treatments, elevated [CO,] treatments increased fresh (+27%) and dry
(+37%) root biomass, which was driven by an increase in photosynthesis (+31%) and the absence of photosynthetic
down-regulation over the growing season. Moreover, intrinsic water use efficiency improved under elevated [CO,]
conditions, while leaf protein content and leaf and root cyanide concentrations were not affected. Overall, these re-
sults suggest that higher cassava yields can be expected as atmospheric [CO,] increases over the coming decades.
However, there were cultivar differences in the partitioning of resources to roots versus above-grown biomass; thus,
the particular responses of each cultivar must be considered when selecting candidates for improvement.

Keywords: African crops, climate change effects on plants, crop improvement, cyanide, food security, photosynthesis,
photosynthetic efficiency, root sink capacity, source—sink relationship, staple root crop

Introduction

Cassava (Manihot esculenta Crantz.) is a staple food source for importance as a food security crop relates to its ability to pro-
>1 billion people (Chetty et al.,2013), providing over a quarter duce satisfactory yields in marginal environments, to repel
of per capita calorie consumption in many food-insecure re- herbivores by producing cyanogenic compounds,and to remain
gions, including sub-Saharan Africa (Nweke, 2005). Cassava’s  edible when harvest is delayed for up to 3 years (El-Sharkawy,

Abbreviations: A, photosynthetic carbon uptake; C; [CO,] inside the leaf; [CO,], carbon dioxide concentration; DOY, day of the year; FACE, free-air CO, enrichment;
9m, mesophyll conductance; gs, stomatal conductance; HCN, hydrogen cyanide; HI, harvest index; iWUE, intrinsic water use efficiency; Jna, maximum rate of
photosynthetic electron transport; LA, leaf area index; SLA, specific leaf area; TSC, total soluble carbohydrate; V., maximum rate of carboxylation by Rubisco.
© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Experimental Biology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),

which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/
mailto:d-ort@illinois.edu?subject=

1993; Siritunga and Sayre, 2004; Lebot, 2009). Although tu-
berous roots are the more popular edible portion of cassava,
~60% of countries in sub-Saharan Africa also consume the
leaves. Cassava leaves have a higher protein content than roots
and serve as an important protein supplement in the human
diet after their detoxification (e.g. pounding with grinding
and cooking; Latit and Miiller, 2015). Cassava roots and fo-
liage (leaves and stems) are also used as biofuel in Asia and as
animal feed in Africa, Asia, and South America (Howeler, 2006;
Oppong-Apane, 2013; Marx, 2019).

The demand for cassava is expected to increase over the
next decades due to increased population pressure and climate
change. For example, in Nigeria, the largest cassava producer
in the world, an estimated shortfall of 12 Mt is predicted by
2030 (IITA, 2017). Concerns over future cassava yield short-
ages are magnified by the fact that cassava storage root yield
has not increased significantly in most regions since the 1990s
(Ceballos et al., 2016; De Souza et al.,2017). Although breeding
programs have been established to increase cassava yields
through improving pest resistance, disease and drought toler-
ance, and agricultural practices (El-Sharkawy, 2004; Center for
Tropical Agriculture, 2007), efforts to directly breed for in-
creased root biomass have slowed in recent years, in part be-
cause other breeding objectives (e.g. for high nutrient content
or disease resistance) are controlled by fewer genes and are thus
perceived as more attainable (Ceballos et al., 2016).

Enhancing photosynthetic efficiency has been proposed as a
strategy to increase the yield of crops such as cassava (De Souza
et al., 2017). In the model crop tobacco, improved photo-
synthetic efficiency has led to 15-25% increases in biomass
(Kromdijk et al., 2016; South et al., 2019). Whether the same
success can be achieved in food crops, however, depends on
the ability of the crops to utilize the greater carbohydrate pool
produced by enhanced photosynthetic rates (Sonnewald and
Fernie, 2018), which in turn depends on the coordination be-
tween source and sink tissues for carbohydrate production and
utilization. Down-regulation of photosynthesis due to limited
sink strength (Sheen, 1990; Stitt, 1991; Krapp et al., 1993; Moore
et al., 1999; Paul and Pellny, 2003; Long et al., 2004) has been
observed in elevated carbon dioxide concentration ([CO,])
experiments for C; crops across various functional groups (e.g.
Arp, 1991; Drake et al., 1997; Ainsworth et al., 2004; Ainsworth
and Rogers, 2007; Leakey et al., 2009; Ruiz-Vera et al., 2017).
Elevated [CO,| experiments are therefore a valuable platform
to test sink limitations in plants, but such experiments have
rarely been performed with cassava in field contexts.

Of the few studies examining cassava response to elevated
[CO,] (Fernandez et al., 2002; Rosenthal et al., 2012; Cruz
et al., 2014; Gleadow et al., 2009a; Forbes et al., 2020), only
one (Rosenthal ef al., 2012) grew cassava in the field under
free-air CO, enrichment (FACE). In that study, elevated
[CO,] stimulated leaf photosynthesis (A4, pmol CO, m™2 s™')
by 30%, leading to a 104% and 90% increase in dry and fresh

Sink strength in cassava at elevated [CO,] | 543

root biomass, respectively. However, that study used only one
genotype (cv. 60444) not preferred by farmers in a truncated
growing season, making it difficult to predict full season yield
stimulations. Moreover, other cassava genotypes are likely to
have considerable differences in sink capacity and phenology,
which influence plant responses to elevated [CO,| (e.g. Pellet
and El-Sharkawy, 1994; El-Sharkawy and De Tatur,2007; Burns
et al.,2010). Further investigation into cassava’s response to ele-
vated [CO,| across multiple genotypes is therefore needed.

In addition to stimulating photosynthesis, elevated [CO,]
also improves intrinsic water use efficiency iIWUE) in both
C; and C, plants due to lower stomatal conductance (g;
Ainsworth and Long, 2005; Long et al., 2006; Ainsworth and
Rogers, 2007; Bernacchi et al., 2007; Leakey et al., 2009). Both
of these effects were detected in the previous cassava FACE
experiment (Rosenthal ef al,, 2012) and can be beneficial
under drought conditions, which are expected to be more fre-
quent in sub-Saharan Africa (Rosenthal et al., 2012; Serdeczny
et al., 2017).

Metabolite and nutrient contents also change under elevated
[CO,] for many crops (Ainsworth and Long, 2005; Taub et al.,
2008; McGrath and Lobell, 2013; Myers et al., 2014), often
leading to decreased protein content in different plant tissues
such as leaves (Ainsworth and Long 2005; Taub et al., 2008)
and grains (Myers et al., 2014). Reduced leaf protein in cassava
caused by increased atmospheric [CO,] would decrease its nu-
tritional value. Reduced protein content could also alter cassava
leaf toxicity because proteins help lower toxicity of cyanogenic
glycoside compounds in cassava leaves (Gleadow et al., 2009b;
Burns ef al., 2010; McKey et al., 2010). Cassava produces the
cyanogenic glycosides linamarin and lotaustralin (McMahon
et al., 1995; Gleadow and Meller, 2014), which break down
to release hydrogen cyanide (HCN) after mechanical disrup-
tion of the cells as a defense mechanism against herbivory
(Conn, 1988; Gleadow and Woodrow, 2002; Gleadow and
Moller, 2014). However, this also makes the tissue toxic for
human consumption and can result in severe neurological dis-
eases in humans (Mlingi et al., 1992; Nzwalo and Cliff, 2011).
It is therefore very important to understand how nutritional
quality and toxicity in cassava may be affected in plants grown
at elevated [CO,].

In this study, we evaluated eight African farm-preferred
cassava genotypes grown under elevated [CO,| using FACE
technology in a 4 month field experiment to test for sink
limitation. We hypothesized that cassava grown under ele-
vated [CO,], independently of the cultivar, would not show
indications of sink limitation after the formation of tuberous
storage roots had started. As this was the first time that agro-
nomically important cassava cultivars from Africa were grown
under FACE conditions, we also conducted a general charac-
terization of the effects of elevated [CO,] on the physiology,
growth, biomass production, and toxicity of these eight cassava
cultivars.
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Materials and methods

Plant material, field site, and experimental design

The eight cultivars of cassava (Manihot esculenta) used in this study
were obtained from the International Institute of Tropical Agriculture
(IITA), Ibadan, Nigeria by the Swiss Federal Institute of Technology
(ETH) (Zurich, Switzerland). They were: TME7, TMS98/0505,
TME693, TMS98/0002, TMS01/1412, TME419, TMS30572, and
TMS98/0581. This material was first inspected by the ETH for
common viruses and bacteria and then sent to the University of
Mlinois at Urbana-Champaign (IL, USA) under an APHIS permit
(permit number: PCIP-16-00268). The plantlets were propagated in
vitro following Bull ef al. (2009) and kept in a walk-in growth chamber
at 28 °C, 16 h of light, and 50% relative humidity. Thirty-day-old
plantlets were transferred to 9 cm diameter pots, kept for 2 weeks
inside the greenhouse (at 28 °C, natural light, and ~60% relative hu-
midity), and acclimated to the external environmental conditions for
a week before being transplanted into the field.

The cassava FACE experiment (CassFACE) was performed in 2017
at the SoyFACE Global Change Research Facility (40.04N, 88.23W).
CassFACE had eight heptagonal plots of 22 m diameter, four with ele-
vated [CO,] (~600 pmol mol ") and four with ambient [CO,] (~400 pmol
mol ). Plots were distributed in a randomized block design (#=4), and
each block contained one ambient and one elevated [CO,] plot separated
from each other by at least 100 m. The FACE system is described in more
detail in Miglietta ef al. (2001). Each cultivar was planted in subplots of 20
m? within each plot. The location of the subplots within a plot was ran-
domly distributed among blocks but maintained within a block. Cassava
grew under FACE from 3 June to 30 September 2017 [day of the year
(DOY) 154-273].

Before field transplantation, the soil was fertilized with 84 kg ha™
of nitrogen. No herbicides or pesticides were applied. Transplanting was
completed by block on DOY 154-156. In total, 35 plants were trans-
planted in each of the subplots with 20 as border plants. Plants were
spaced at 0.7 m (between rows and plants within rows), and the subplots
were spaced from each other by 1 m. Plants were hand-watered until the
installation of a drip irrigation system (DOY 159), which maintained
the equivalent of 25 mm of rainfall per week when precipitation was
lacking. Air temperature was recorded every 10 min across the season at
a local meteorological station. Daily precipitation was obtained from the
University of Illinois Willard Airport weather station (40.04N, 88.28W)
through the Midwestern Regional Climate Center (http://mrcc.isws.
illinois.edu/CLIMATE/).

Gas exchange measurements
2

Gas exchange measurements to determine A (umol CO, m™257"), g, (mol
H,O m? s "), and [CO,] inside the leaf (C,, umol mol™") were per-
formed three times during the field season, between 12.45 h and 15.55
h on DOY 195, 10.45 h to 15.15 h on DOY 230, and 10.50 h to 13.50
h on DOY 269. These measurements were conducted using open gas
exchange systems with an attached chlorophyll fluorometer chamber
(LI-6400XT; LICOR, Inc., Lincoln, NE, USA). The gas exchange sys-
tems were calibrated as in Bernacchi et al. (2006).The photosynthetic
photon flux density (PPFD; wmol m ™2 s™") and the chamber block tem-
perature were set according to ambient conditions prior to the meas-
urements. The values were: 27 °C and 1000 pmol m ™2 57!, 24 °C and
1650 umol m™2s™', and 31 °C and 1900 pumol m™? s for the three re-
spective days of measurement. The [CO,] inside the chamber was set to
400 pumol mol™" or 600 pmol mol ™' depending on the [CO,] treatment.
Relative humidity in the sample was maintained between 55% and 70%.
The measurements were performed on the youngest fully expanded leaf
of three cassava plants per subplot, after stabilization in the chamber for
at least 3 min. Four gas exchange systems were used simultaneously, one

in each block, with two measuring ambient and two measuring elevated
[CO,] plots at any given time. A4, g, and C, were calculated by the gas ex-
change system software following the equations of von Caemmerer and
Farquhar (1981). iWUE (umol mol™") was calculated as A/g,.
Photosynthetic [CO,] response curves (A/C; curves) were collected
three times during the season (DOY 199-202, DOY 226-229, and
DOY 267-269; see Supplementary Dataset S1 at JXB online) from the
youngest fully expanded leat of two plants per subplot. The [CO,| in-
side the chamber was varied as follows: 400, 300, 200, 100, 50, 400, 400,
600, 800, 1000, 1200, and 1500 pmol mol . PPFD was 1800 wmol m 2
57!, leaf temperature was set to 30 °C for DOY 199-202 and to 28 °C
for DOY 226—229 and DOY 267-269 (optimum temperature range for
cassava growth; e.g. Pushpalatha and Gangadharan, 2020), and relative hu-
midity in the sample chamber was ~70%. The ‘apparent’ maximum rate of
carboxylation by Rubisco (apparent V. ; pmol m > s™!) and ‘apparent’

maximum rate of photosynthetic electron transport (apparent J,,,; pmol
2

m > s') were calculated at 28 °C using the equations from Farquhar
et al. (1980) and Bernacchi et al. (2001, 2003). These values were desig-
nated ‘apparent’ because the calculations were based on C; rather than the
[CO,] inside the chloroplast (C,).

The J method (Harley ef al., 1992) was used to calculate g,, (mol m™>
s and C, (umol mol ™). The response of A4 to C. (A/C, curve) al-
lowed the calculation of V. and J,,, following the equations in Harley
et al. (1992) and the non-linear analysis with the Marquardt method from
Moualeu-Ngangue ef al. (2017). The Michaelis constant of Rubisco for
CO, (K; umol mol™"), the inhibition constant (K,; pmol mol '), and
the photorespiratory CO, compensation point (I'*; umol mol ") at the
measured leaf temperature and at 25 °C were calculated using the scaling
constant (¢) and the enthalpies of activation (AH,) from Sharkey et al.
(2007). Ve and J. at 28 °C were obtained following the equations in
Bernacchi et al. (2001, 2003).To calculate g,, at 28 °C, the g, temperature
response function required specific parameters for ¢, AH,, energies of de-
activation (AHy), and entropy (AS), which were obtained from Bernacchi
et al. (2002).

Leaf area index, plant morphology characteristics, specific leaf
area, and leaf carbon and nitrogen content

The leaf area index (LAI; m* m™?) was recorded with an LAI-2200C plant
canopy analyzer (LICOR, Inc.). Eleven measurements were obtained
during the growing season (DOY 186, 193, 199, 209, 215, 222, 233, 248,
255, 262, and 272). In four plants per subplot, the following parameters
were measured: plant height or main stem size (cm; DOY 220, 227, 235,
242,252,261, and 270), number of leaves on the main stem (DOY 165,
171,178, 186, 193, 198, 206, 213, 220, 227, 242, 252, 261, and 270), the
total number of leaves on the whole plant (DOY 235, 242,252,261, and
270), and the number of branches (DOY 242, 252, 261, and 270).

Specific leaf area (SLA; m? kg "), leaf carbon (C), and leaf nitrogen con-
tent (N; %, g m~?) were determined from leaf disks collected at midday
twice during the season (DOY 195 and 230) from two plants per subplot.
SLA was equal to the area of the disk divided by its dry weight. C and
N content were quantified from 2 mg of fine powder sample using an
elemental analyzer (Elemental Combustion System CHNS-O, Costech
ECS 4010,Valencia, CA, USA). Leaf C:N was obtained by dividing % by
weight C by % by weight N.

Protein and non-structural carbohydrate content in leaves

Leaf disks of ~1.2 cm diameter were collected from two plants per sub-
plot at dusk and at dawn on DOY 195-196, DOY 230-231, and DOY
269-270. Samples were immediately frozen in liquid nitrogen and stored
at —80 °C until analysis. The amount of total soluble carbohydrates (TSCs;
mmol hexose equivalents m™2) was quantified according to Ainsworth
et al. (2007). First, HEPES-buftered ethanol (pH 7.8), 80% (v/v) and 50%
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(v/v), was heated to 80 °C and used to extract glucose, fructose, and su-
crose from the leaves. Then, four enzymatic reactions (with hexokinase,
phosphoglucose isomerase, glucose-6-phosphate dehydrogenase, and
invertase) were performed for their quantification. The absorption of
NADPH was measured at 340 nm after each reaction (Jones et al., 1977).
Glucose in 70% ethanol was used as a standard. TSC was the sum of
glucose+fructose+sucrose in the leaves but was expressed in glucose
equivalents. After the soluble carbohydrates were extracted, the samples
were ground and processed to obtain the amount of protein (g m 2) by
using the Pierce™ BCA Protein Assay Kit (Cat No. 23227, Pierce, IL,
USA). The protein content was determined spectrophotometrically at
562 nm using BSA as a standard.

For starch content (mg g '), 10 mg of freeze-dried samples was ground
to a fine powder and washed six times with 80% ethanol at 80 °C. Starch
was extracted from the remaining material after washes with enzym-
atic reactions using d-amylase (120 U ml™") and amyloglucosidase (30
U ml™"). Glucose released from enzymatic reactions was quantified by
spectrophotometry at 490 nm after the reaction with an oxidase/per-
oxidase assay kit (NZYtech, Lisboa, Portugal) (De Souza et al., 2013; De
Souza and Long, 2018). Glucose was used as a standard. The hydrolysis of
starch to glucose requires one molecule of water in each covalent bond
hydrolyzed; thus, the amount of starch was equivalent to 90% of the total
glucose released after extraction (Amaral et al., 2007).

The rate of turnover of TSCs and starch (i.e. the use of carbohydrate
during the night) was calculated by subtracting the amount of carbohy-
drates (T'SCs or starch) obtained at dusk from the amount obtained from
the following dawn.

Determination of hydrogen cyanide content in leaves and roots

The amount of cyanogenic glucosides was measured in leaves and the
outer and inner tissues of the storage roots by measuring the amount
of HCN evolved from the tissues. Leaf samples were collected at
midday from three plants per subplot during DOY 195, 230, and 269.
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Root samples, peel (periderm tissue), and core (starchy parenchyma)
were extracted from three plants per subplot during the final harvest.
After collection, samples were immediately frozen in liquid nitrogen
and stored at =80 °C and then freeze-dried for analysis. The protocol
to determine HCN (mg g™' of dry mass) was from Gleadow et al.
(2016). In summary, 5 mg of freeze-dried and ground tissue was trans-
ferred to vials containing 300 pl of 0.1 M phosphate buffer (pH 6.4)
and latex (100:1 v/v) collected from cassava plants that contained the
B-glucosidase required to degrade the cyanogenic glucosides to HCN.
Microtubes (0.2 ml) containing 200 pl of 1 M NaOH were inserted
into the vials. The vials were sealed and then frozen and rethawed to
room temperature twice to disrupt the cells and ensure mixing of
cyanogenic glucosides with the degradative enzymes, and then incu-
bated for 19 h at 37 °C.Volatile HCN from the samples was trapped
in the NaOH in the inner 0.2 ml microtubes. The concentration of
HCN in the NaOH was determined colorimetrically. The absorb-
ance was determined at 595 nm using sodium cyanide (NaCN) as
a standard. The HCN content was calculated in mg g~ of dry mass.

Fresh weight, dry weight, and harvest index

The final harvest, DOY 275-286, was conducted block by block to en-
sure that plants from ambient and elevated [CO,| were harvested at a
similar time. Fresh weights of the above-ground biomass (AGB; 15 plants
per subplot) and roots (9 per subplot) were recorded. The dry weights of
AGB and roots were obtained from five plants dried at 60 °C until con-
stant weight. The harvest index (HI) in fresh and dry biomass was equal
to the weight of roots divided by weight of AGB+roots.

Statistical analysis

This experiment was a split-split-plot design in which variables were ana-
lyzed with a mixed model ANOVA (PROC MIXED, SAS System 9.4, SAS
Institute, Cary, NC, USA). Repeated measurements were applied when data
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from a variable were collected more than once during the growing season.
DOY was the repeated measurement factor for the seasonal analysis. The
fixed effects were [CO,], cultivar, DOY, and their interactions. Block was a
random effect. The Kenward—Roger method was used to calculate the de-
grees of freedom. Pairwise comparisons were performed by the least square
means test (-test) with significance determined as P-value <0.1.

The contribution of each variable for the differences observed be-
tween treatments and cultivars was evaluated with a principal component
analysis (PCA). PCA was performed using the data presented in the main
figures of this manuscript (JMP®Pro, version 12.0.1; SAS Institute) to
check, among the variables most relevant for the discussion of this dataset,
which ones would better explain the differences between treatments and
among cultivars. For LAL height, number of leaves on the main stem and
on the whole plant, and number of branches, the PCA considered data
from the final measurements of the season (from DOY 270 to 272). For
all other variables, PCA was performed using the seasonal averages. Since
no significant differences were observed in protein content between dusk
and dawn, data from dawn were used for the PCA to avoid redundancy of
values for this parameter. The data were normalized using log10 function.
To avoid negative values in the PCA matrix (e.g. TSC turnover), a con-
stant value was added to the data prior to the log transformation.

Results
Meteorological conditions

The 2017 growing season (DOY 154-286; Fig. 1) received
~40% less rainfall than the average annual rainfall for the
Champaign-Urbana area over the 20 year period from 1996

to 2016 (Midwestern Regional Climate Center). Drip irriga-
tion augmented rainfall such that plots received the equivalent
of ~25 mm of rainfall per week, a value within the range of
rainfall received in a growing season in Nigeria (~1500 mm
year ', Ajetomobi, 2016). The monthly mean temperatures
were 23.1, 23.6, 20.3, and 19.2 °C for June, July, August, and
September, respectively (Fig. 1). The minimum daily temper-
atures during these months ranged from 5.7 °C to 13.3 °C,
and the maximum daily temperatures ranged from 28.9 °C to
34.9 °C (Fig. 1).

Gas exchange parameters differed between ambient
and elevated [CO,] treatments

The elevated [CO,| treatment comprised 29% of the total
variation observed in the data of this experiment (Fig. 2). The
enhancement of A, C,, and iWUE and the reduction of g,
under elevated [CO,] were among the main contributors of
all measured variables to the difterences between ambient- and
elevated [CO,]-grown plants (Fig. 2; Supplementary Table S1).

Elevated [CO,| increased A by 31% (+7 pmol of CO,
m % s”") averaged across all cultivars over the entire growing
season (Fig. 3;Table 1; Supplementary Fig. S1; Supplementary
Table S2), but the magnitude of that increase diftered among
cultivars (Table 1; Supplementary Table S2). TMS98/0002
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Fig. 2. Principal component analysis (PCA) of data collected from eight cassava cultivars grown at ambient (AMB CO,) and elevated [CO,] (ELE CO,).
The percentage on each axis represents the contribution of each principal component for the differences observed between [CO,] treatments (x-axis)
and between cultivars (y-axis). Only the arrows representing the variables that most explained the variation in this experimental dataset are labeled in this
figure. The list of all variables used in the PCA with the respective eigenvalues is shown in Supplementary Table S1.
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exhibited the largest A response to elevated [CO,| (+41%),
while TMS98/0505 exhibited the smallest (+23%; Fig. 3).The
CO, effect on A increased throughout the season for all culti-
vars (Table 1), such that A increased on average 18,34, and 41%
on DOY 195, 230, and 269, respectively (Supplementary Fig.
S1; Supplementary Table S2).

CO, also significantly impacted g, but the magnitude
varied by cultivar and DOY (Table 1). Elevated [CO,] re-
duced season averages of g, by 16% across all cultivars, ranging
from a 12.5% reduction in TMS30572 to a 20% reduction in
TME?7 (Fig. 3). Despite the strong CO, effect on g, observed in
TME?7, this cultivar, together with the cultivars TMS98/0505
and TMS01/1412, showed the highest g, at both [CO,] levels
(Fig. 3; Supplementary Fig. S1; Supplementary Table S2).

iWUE and C; increased under elevated [CO,| on all dates
(Supplementary Fig. S1; Supplementary Table S2), with a sea-
sonal average increase of 58% in iIWUE and 46% in C; (Table 1).
While the values of iWUE and C; were mostly similar across
the cultivars under ambient [CO,], the extent of their increase
under elevated [CO,] differed significantly among cultivars
(Fig. 3; Supplementary Fig. S1). The largest variation was ob-
served on DOY 230, when the increase in iWUE ranged from
19% (not significantly different) in TMS98/0505 to 73% in
TMS98/0002 (Supplementary Fig. S1). That same day, the in-
crease in C; under elevated [CO,] was 38% in TMS98/0002
and 70% in TMS98/0581 (Supplementary Fig. S1).

Vemax Ymax @NA g, were not affected by elevated [CO.]

‘When averaged over the growing season, elevated [CO,| did not
affect the apparent V.., apparent [, Vinao OF Jio i1 any of the
cultivars (Figs 4, 5;Table 1; Supplementary Figs S2-S5). However,
the analysis per DOY showed that during the first set of meas-
urements (DOY 199-202) the apparent 1. declined under
elevated [CO,] in three cultivars (TME7, TMS98/0505, and
TMS98/0581) by ~7% (Supplementary Fig. S2; Supplementary
Table S2). Concurrently, the apparent J,.. declined by 9%
in TMS98/0581 and increased by 17% in TMSO01/1412
(Supplementary Fig. S2; Supplementary Table S2). These param-
eters varied among cultivars by the end of the experiment (DOY
267-269; Supplementary Fig. S4; Supplementary Table S2).
Similarly, I, varied across cultivars; this difference was signifi-
cant during DOY 226229 and DOY 267-269 (Supplementary
Fig. S5; Supplementary Table S2). TMS98/0581, TMS98/0505,
and TMS01/1412 had the highest values of apparent .., ap-
parent [, and V.. independent of [CO,] treatment during
the third set of measurements (DOY 267-269), whereas TMS693
had the lowest values (Supplementary Figs S4, S5).

Elevated [CO,] only affected g, in TMS30572 and
TMS98/0505, in which g, declined at elevated [CO,] on
average by ~35% across the season (Table 1; Fig. 5). g, varied
among cultivars only at the beginning of the season (DOY
199-202; Supplementary Fig. S5; Supplementary Table S2).
The overall lack of a significant effect of elevated [CO,] on
g, contributed to the similar CO, responses for the apparent
Vmax/ apparent |, and these same parameters calculated using
I (Ve Jmax) (Figs 4, 5; Table 1; Supplementary Figs S2-S5;
Supplementary Table S2).
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Fig. 4. Fitted responses of A/C; curves at 28 °C. The seasonal average of the apparent V. (1mol m= s, SE <3.6-8.3>) and apparent Jyz (nmol
m=2 s, SE <7.2-14.9>) from eight cultivars of cassava (from A-H) grown at ambient (AMB CO; blue lines) and elevated (ELE CO,; red lines) [CO,)]
are indicated in the inserted tables. Effects of elevated [CO,] on apparent V., and apparent J,., were not significant. The blue and red vertical lines
represent the supply functions (1/-g,) for the ambient and elevated [CO,] treatments, respectively. The supply functions intercept the fitted A/C; at the
operating point.
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Fig. 5. Seasonal averages of mesophyll conductance (g, mol m=2 s,
A), the maximum carboxylation rate by Rubisco (Vgmae pmol m=2s™' B),
and the regeneration of ribulose-1,5-bisphosphate controlled by the
electron transport rate (Jma, nmol m=2s™" C) at 28 °C from eight cultivars
of cassava grown at ambient (AMB CO,) and elevated [CO,] (ELE CO,).
Values are means +SE (n=4). Treatments with different letters represent
significant differences (P<0.1); underlining is used to help differentiate
groups of letters.

Elevated [CO,] stimulation of cassava growth
parameters varied across cultivars

Growth parameters comprised the majority of the variation
(PC2; 22.5%) found among cultivars (Fig. 2; Supplementary
Table S1). In addition, growth parameters also contributed to
the variation observed between ambient and elevated [CO,],

showing significant differences between these two treatments
(Table 1). Elevated [CO,] increased LAI (Fig. 6; Supplementary
Fig. S6), which was the growth variable that most contrib-
uted to the differences between ambient and elevated [CO,]
(higher value for PC1; Supplementary Table S1). During
the season, LAI increased by 6% to 17% in elevated [CO,]
as compared with ambient [CO,] in six of the eight cultivars
(TME693, TMS98/0002, TMS01/1412, TME419,TMS30572,
TMS98/0581; Supplementary Fig. S6). However, the differ-
ence between [CO,| treatments decreased over the growing
season and, by the end, this increase was only ~3% (Fig. 6;
Supplementary Fig. S6). Throughout the season, TMS98/0505
maintained the largest LAl while TMS01/1412 and TME693
had the smallest (Supplementary Fig. S6).

Plant height increased at elevated [CO,] with a statistically
significant 12—-20% increase in height in four cultivars (TME7,
TMS98/0002, TMS01/1412, and TMS30572; Fig. 6; Table 1;
Supplementary Fig. S6). By the end of the growing season, the
tallest cassava cultivar was TMS30572 grown at elevated [CO,]
(~160 cm), and the shortest was TME419 grown at ambient
[CO,] (~95cm) (Fig. 6). The number of leaves in cassava (on
the main stem and on the whole plant) increased under ele-
vated [CO,] conditions (Table 1) but depended on cultivar
and measurement day. By the end of the experiment, the total
number of leaves on the whole plant ranged from 50 to 100
leaves at either ambient or elevated [CO,]|, depending on the
cultivar (Fig. 6). Branching ranged from almost no branches
to many branches depending on the cultivar (Table 1), with
the fewest branches in TME419 and TME7 (Fig. 6). Elevated
[CO,] decreased the number of branches in these two culti-
vars without changes in leaf number, whereas branch number
increased in TMS98/0002 and TMS30572 (Fig. 6; Table 1;
Supplementary Fig. S6).

Opverall, SLA tended to be lower at elevated [CO,| (Table 1);
however, this reduction was significant only in TMS98/0505,
which had the highest SLA at ambient [CO,] (average of 28.95
m” kg™') with a reduction of ~9% at elevated [CO,] for the
season (Fig. 7; Supplementary Fig. S7).

Leaf N and protein content were not altered under
elevated [CO,]

In general, the seasonal (DOY) and daily (at either dusk or
dawn) analysis showed no changes in the leaf N or protein
content on a leaf area basis with elevated [CO,] (Fig. 7;Table 1;
Supplementary Figs S7, S8; Supplementary Table S3), but there
were differences among cultivars. TMS01/1412 and TME419
had the highest leaf N and protein content across all the meas-
urements (Supplementary Figs S7, S8).

The C:N ratio increased by 8% under elevated [CO,]
across all days (Fig. 7; Table 1; Supplementary Table S3); this
was driven by increased C because leaf N did not change.
Regardless of the treatment and cultivar, C:N increased as the
season progressed, with a 28% higher C:N on DOY 230 than
on DOY 195 (Supplementary Fig. S7).
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Fig. 6. Daily average of growth parameters on the last day of measurements. Leaf area index (LAI; m? m™2, A), height (cm, B), number of leaves on the
main stem (C) and whole plant (D), and number of branches (E) from eight cultivars of cassava grown at ambient (AMB CO,) and elevated [CO,] (ELE
CO,). Values are means +SE (n=4). Treatments with different letters represent significant differences (P<0.1) for the seasonal results; underlining is used to
help differentiate groups of letters. See Supplementary Fig. S6 for all daily measurements.

Elevated [CO,] increased leaf carbohydrates in measurement (DOY 230-231 and DOY 269-270).TSC turn-
cassava over indicates the rate at which TSC is used by the plant during
the night and was not affected by the [CO,]| treatment alone
(Fig. 8;Table 1; Supplementary Table S3). However, TSC turn-
over varied depending on the cultivar and its interaction with

Elevated [CO,] increased TSC by 19-39% at either dusk or
dawn (Table 1; Supplementary Fig. S9; Table S3) in all the
cultivars (except for TME419) on at least one of the days of
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Fig. 7. Seasonal average of the specific leaf area (SLA; m? kg™, A), leaf
nitrogen (g m=2, B), carbon and nitrogen ratio (C:N, C), and protein content
(at dawn; g m2, D) from eight cultivars of cassava grown at ambient

(AMB CO,) and elevated [CO,] (ELE CO,). Values are means +SE (n=4).
Treatments with different letters represent significant differences (P<0.1);
underlining is used to help differentiate groups of letters.

CO, (Table 1; Supplementary Table S3). In the middle of the
season (DOY 230-231), the use of TSC during the night was
low (negative values) for TME693, TMS01/1412, TME419,
and TMS30572 regardless of [CO,]| (Fig. 8; Supplementary Fig.
S9). The higher amount of glucose at dawn than at dusk for
these cultivars (Supplementary Fig. S9) may occur if another
pool of carbohydrates has been used to supply more glucose
(e.g. starch). With the exception of TME419 at elevated [CO,],
the rate of turnover increased for TSC significantly during the
season for all cultivars (Fig. 8; Supplementary Fig. S9).

Starch content increased when plants were grown under
elevated [CO,] at dusk and dawn on all the measurement
days (Table 1; Supplementary Fig. S10; Supplementary
Table S3). Depending on the cultivar, the increase in starch
ranged from 38% to 508% at dusk (in TMS01/1412 and
TMS98/0505, respectively) and from 30% to 540% at dawn
(in TMEG693 and TMS30572, respectively) (Supplementary
Fig. $10). TMS98/0002 did not show a significant alteration
in starch content at dawn under elevated [CO,]. Starch con-
tent was higher earlier in the season (DOY 195-196) as
compared with later in the season (DOY 230-231 and DOY
269-270; Table 1; Supplementary Fig. S10). Starch turnover
showed a significant CO, effect on two of the three sampling
days (DOY 195-196 and DOY 269-270; Fig. 8; Table 1;
Supplementary Table S3). Interestingly, starch turnover was
~50% lower at elevated [CO,] than at ambient [CO,] during
the first set of measurements (Fig. 8). However, starch turn-
over under elevated [CO,] accelerated over the season, and
was >150% higher than at ambient [CO,] by the end of ex-
periment (Fig. 8; Supplementary Fig. S10).

Elevated [CO,] decreased HCN content in leaves but
not in the storage roots

Despite differences in HCN among cultivars, elevated [CO,]
did not significantly affect HCN content in the peel or core of
the storage roots on a dry weight basis (Table 1; Fig. 9). In the
leaves, however, elevated [CO,| generally reduced HCN on
a dry weight basis in TMS98/0002 (38% reduction on DOY
230) and TMS01/1412 (60% reduction on DOY 269) (Fig. 9;
Supplementary Fig. S11; Supplementary Table S3). An in-
crease in HCN content with elevated [CO,] only occurred in
TMS98/0505 (DOY 230; Supplementary Fig. S11).

Elevated [CO,] increased root biomass and AGB but
not HI

Average fresh weight of roots across cultivars increased by 27%
under elevated [CO,| and, together with the gas exchange
parameters, was one of the main contributors to the differ-
ences in parameter responses between ambient and elevated
[CO,| growth conditions (Fig. 2; Supplementary Table S1).
This stimulation occurred in all cultivars with the exception
of TMS30572 (Fig. 10; Table 1). The highest elevated [CO,)]
stimulation occurred in TMS98/0581 and TMS98/0505 with
39% and 35% increases in root fresh biomass, respectively.
However, TMS98/0505 had the lowest root biomass by the
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Fig. 8. Daily average of the turnover of total soluble carbohydrates (TSC; mmol m=, A, B) and starch turnover (mg g~', C-E) from eight cultivars of
cassava grown at ambient (AMB CO,) and elevated [CO,] (ELE CO,). Values are means +SE (n=4). Treatments with different letters represent significant

differences (P<0.1); underlining is used to help differentiate groups of letters.

end of the experiment compared with the other cultivars at
both CO, levels (Fig. 10). On a dry weight basis, root bio-
mass had statistically significant increases of ~37% at elevated
[CO,] in four cultivars (TME7, TMS98/0505, TMS98/0002,
and TMS98/0581; Supplementary Fig. S12). Although not sig-
nificant, the percentage increase in dry root biomass at elevated

[CO,] in the other four cultivars ranged from 5% to 20% com-
pared with ambient. Root biomass (fresh and dry weight) ex-
pressed in t ha™' (yield units) is shown in Supplementary Fig.
S13.

Fresh and dry weight of AGB also increased under elevated
[CO,] (Fig. 10;Table 1; Supplementary Fig. S12), ranging from
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8% in TMS98/0002 to 25% in TMS30572. Only TME419
did not show a significant increase in fresh weight of AGB at
elevated [CO,] (Fig. 10). Fresh weight of AGB also differed
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Fig. 10. Average fresh weight of roots (g per plant, A), and above-
ground biomass (AGB; g per plant, B), and harvest index (HI, C) from
eight cultivars of cassava grown at ambient (AMB CO,) and elevated
[CO,] (ELE COy). Values are means +SE (n=4). Treatments with different
letters represent significant differences (P<0.1); underlining is used to help
differentiate groups of letters.

among the cultivars, with the lowest AGB in TME419 (mean
of 1590 g per plant independently of the [CO,| treatment)
and the highest in TMS30572 (~2450 g per plant at elevated



[CO,]; Fig. 10). Dry weight of AGB showed an overall increase
with elevated [CO,| but this was statistically significant only
in TMS30572 (37%; Supplementary Fig. S12). Elevated [CO,]
had no significant effects on HI (Table 1). Among the cultivars
and regardless of the [CO,]| treatment, the highest HI after
4 months of growth was from TME7 (0.24 for fresh and 0.39
for dry weight HI) and the lowest was from TMS98/0505 (0.13
for fresh and 0.23 for dry weight HI) (Fig. 10; Supplementary
Fig. $12).

Discussion

Because FACE experiments are a great platform to study sink—
source relations in crops under field conditions (e.g. Ainsworth
et al.,2004; Ruiz-Vera et al., 2017; Bishop et al., 2018), we used
this technology to evaluate the capacity of cassava storage roots
to accumulate carbohydrates when photosynthesis is stimu-
lated by elevated [CO,|, which we hypothesized would pre-
vent down-regulation of cassava photosynthesis. Our results
supported our hypothesis because we found that the strong
sink capacity of cassava roots enabled the storage of a large
amount of carbohydrate that was associated with no down-
regulation of photosynthesis and increased yield. In addition,
1WUE increased due to the decrease in g associated with ele-
vated [CO,]. Importantly from a nutritional perspective, N and
protein content in leaves and HCN content in roots did not
change at elevated [CO,]|. Finally, our results provide insight
into understanding cassava’s responses to an enriched CO, en-
vironment, which may help guide the adaptation of cassava for
future conditions.

Elevated [CO,] increases photosynthesis with no signs

of photosynthetic down-regulation after storage root
initiation

Elevated [CO,] stimulated photosynthesis in the cultivars
evaluated from 23% to 41% (Table 1; Supplementary Table
S2). This range is similar to the range observed for cassava in
cv. TMS60444 (15-53%; Rosenthal ef al., 2012) and in other
C; crops grown at elevated [CO,] FACE conditions (e.g.
Ainsworth and Long, 2005; Ainsworth and Rogers, 2007;
Leakey et al., 2009; Bishop et al., 2014, 2018). C; photosyn-
thesis at ambient [CO,] is commonly Rubisco limited (i.e.
A increases linearly with C,), whereas under elevated [CO,]
(>570 umol mol™"), C; photosynthesis limitation usually oc-
curs at the transition between the limitations imposed by
Rubisco and ribulose 1,5-bisphosphate (RuBP) regeneration
(inflection point of the A/ C; response curve) or at RuBP re-
generation (where A no longer increases with increasing C))
(Ainsworth and Rogers, 2007; Rosenthal ef al., 2012; Bishop
et al., 2018; De Souza et al., 2019). On DOY 195, the 50%
increase in C; in elevated [CO,] gave the smallest increases in
A when the rates of A were the highest for ambient [CO,].
Consequently, it is possible that A at ambient [CO,] was
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approaching limitation by RuBP regeneration. The highest
increase in A due to elevated [CO,| was observed at the end
of the growing season, which surprisingly coincided with the
smallest increase in C; (36%; Supplementary Fig. S1).

Down-regulation of photosynthetic capacity can occur
when carbohydrates accumulate in the leaves due to increased
photosynthesis and/or inadequate sink capacity (Arp, 1991;
Stitt, 1991; Long et al., 2004; Ainsworth et al., 2004; Rogers
and Ainsworth, 2006; Burnett et al., 2016; Ruiz-Vera et al.,
2017). This is typically observed in vivo as a decrease in ap-
parent V., and apparent J, .. parameters (Long et al., 2004;
Leakey et al., 2009). At the beginning of the growing season,
we detected a small decrease in apparent V.. (—7%; DOY
199-202) in three of the eight cultivars (TME7,TMS98/0505,
and TMS98/0581: Supplementary Fig. S2; Supplementary
Table S2). At this stage, plants were 2 months old and storage
roots were just initiating, with an average fresh weight of ~40 g
(estimated from harvest of TME7 and TME419 roots on DOY
206). While 17, (i.e. when g, was included in the calculation
for C.) also decreased (10.5%), the difference was not statis-
tically significant. Because elevated [CO,] did not affect g, in
these cultivars during this time of the season (DOY 199-202;
Supplementary Table S2), the lack of statistical significance
could reflect the higher variation observed in the values of
Vmax (standard error four times higher than in apparent V).
The reduced apparent V,

cmax

observed here in the beginning
of the season agrees with previous studies showing similar re-
sponses for African cultivars in early stages (i.e. <2-month-
old plants) of cassava development (De Souza and Long, 2018;
De Souza et al., 2019). This also agrees with a previous FACE
experiment showing transient photosynthetic acclimation in
the beginning of the season for cv. TMS60444 (Rosenthal
et al., 2012). During the following phases of cassava devel-
opment, we observed similar V.., Ji.o apparent V.. and
apparent J,.. values across the cultivars, suggesting that once
the storage roots start to accumulate biomass (i.e. ~3 months
after planting; De Souza ef al., 2017), cassava plants can fully
utilize the carbohydrates produced by photosynthesis at ele-
vated [CO,]. Supporting this interpretation, leaf starch accu-
mulation under elevated [CO,]| at the beginning of the season
was more than double the amount later in the season even as
the starch turnover rates were ~50% slower (Table 1; Fig. 8;
Supplementary Fig. S10). As the season progressed, both TSC
and starch turnover rates increased at elevated [CO,] and, by
the end of the growing season, starch turnover was >150%
the rates for ambient [CO,] plants (Fig. 8). This is also con-
sistent with increased storage root biomass observed in plants
under elevated [CO,| (Fig. 10). Irrespective of the [CO,| and
time of measurement, starch content in leaves was more than
double at the beginning of the season compared with the end
of the season (Supplementary Fig. S10), and still photosyn-
thetic down-regulation was not observed. This indicates that
the maximum capacity of leaves to store carbohydrates was
not reached during this experiment, helping to explain how
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cassava maintained high photosynthetic capacity at both am-
bient and elevated [CO,]. Data for TSC were not collected
from DOY 195-196; however, increases in leaf TSC seem to
associate with increases in leaf starch content, according to pre-
vious studies conducted in soybean at elevated [CO,] under
FACE conditions (Rogers and Ainsworth, 2006; Ainsworth
et al., 2007). Consequently, it is possible that TSC was also
higher at the beginning of the season compared with later in
the season.

Elevated [CO.] increases iIWUE in cassava over the
entire season

Under elevated [CO,), g, is nearly always lower, leading to im-
proved iWUE (Leakey ef al., 2009; Ainsworth and Long, 2005;
Ainsworth and Rogers, 2007). In this study, the highest g values
were observed at the beginning of the season (DOY 195),
which corresponded to the highest reductions in g, (—24%)
under elevated [CO,]. The largest increase in iWUE (+70%)
occurred later in the season (DOY 269) and did not corres-
pond to the largest decrease in g,. Because g, at ambient [CO,]
on DOY 269 was lower than g, at elevated [CO,] on DOY 195
(Supplementary Fig. S1), the already low g, values (0.2 mol m™>
s~ at ambient [CO,]) might have also influenced the magni-
tude of the reduction in g, at elevated [CO,]. During the middle
of the season, elevated [CO,] did not affect g, in any of the
cultivars. Nevertheless, iIWUE significantly increased (48%) in
this period due to the stimulation of A under elevated [CO,)]
(Supplementary Fig. S1; Supplementary Table S2).The lack of g,
reduction during this time, and probably the lack of change in
9 Obtained from the A/C; data, could have contributed to the
large increases in C; at elevated [CO,], which were >60% for
three cultivars (Supplementary Fig. S1). Interestingly, cultivars
with the largest increases in A at elevated [CO,] were not those
that had the largest increases in C;. The variation of g across the
cultivars was 44% at ambient and 63% at elevated [CO,], which
was higher than the variation in A of 21% at ambient and 27%
at elevated [CO,] (Supplementary Fig. S1). Despite variation in
A and g, across cultivars, IWUE increased at elevated [CO,] in
all cultivars throughout the season, ranging from 44% to 68%,
depending on the cultivar (Fig. 3). With climate change, more
frequent droughts are expected in the sub-Sahara African re-
gion (Rosenthal ef al., 2012; Serdeczny et al., 2017), and under
these conditions cassava may benefit from increased iWUE to
increase productivity. However, changes in 1iWUE do not always
translate to similar changes in whole-plant WUE (Medrano
et al., 2015). For example, increases in iWUE under elevated
[CO,] occur together with slightly higher canopy temperature
and greater biomass production, both of which can increase
transpiration (Bernacchi ef al., 2007). Consequently, whether
the overall 58% increase in iWUE found in cassava at elevated
[CO,] will result in WUE improvements at the whole-plant
and crop level remains to be evaluated.

Elevated [CO,] did not affect leaf N or HCN content in
cassava plants

Rubisco is the most abundant protein in the world (Ellis, 1979;
Bar-On and Milo, 2019), and the amount of N invested in
Rubisco can be as much as 25% of total protein in C; plants
(Sage et al., 1987; Spreitzer and Salvucci, 2002; Halpern et al.,
2019). When C; plants are grown at elevated [CO,], leaf N
and protein content often decline in non-leguminous species,
and Rubisco content may decline by up to 20% on a leaf
area basis (Drake et al., 1997; Gleadow et al., 1998; Ainsworth
et al., 2002; Long et al., 2004; Taub et al., 2008), which leads
to down-regulation of photosynthesis. Additionally, C; plants
grown at elevated [CO,] most often have a higher photosyn-
thetic N use efficiency due to a higher amount of C fixed per
unit of N in the leat (Leakey et al., 2009).

Consistent with our observation that photosynthesis was
not down-regulated in cassava, leaf N and protein content
did not change, despite an ~8% increase in the C:N ratio
under elevated [CO,]| (Fig. 7;Table 1; Supplementary Figs S7,
S8; Supplementary Table S3). In the previous cassava FACE
experiment, leat N decreased at elevated [CO,] (Rosenthal
et al., 2012). Adequate N supply to support strong sink de-
velopment can ameliorate the down-regulation of photosyn-
thesis under elevated [CO,| (Gleadow et al., 1998; Ruiz-Vera
et al., 2017; Halpern ef al., 2019). However, N fertilization in
cassava is not common practice in sub-Saharan Africa due to
high fertilization costs (Druilhe and Barreiro-Hurlé, 2012).
The amount of N fertilization applied in this experiment (i.e.
84 kg N ha™') is within the range to maximize cassava yield
at current [CO,] (Howeler, 2002, 2014; Biratu et al., 2018).
Under a scenario of low N fertilization and elevated [CO,],
sink development may be constrained and a down-regulation
of photosynthesis might be observed, but this still needs to
be tested.

Few studies have analyzed the changes in the toxicity of
cassava under elevated [CO,]. Moreover, results have been
contradictory, with increases (Gleadow et al., 20094), decreases
(Forbes et al., 2020), or no change (Rosenthal et al., 2012)
in the amount of cyanide-containing compounds in the tis-
sues of plants grown at elevated [CO,]. These differing results
could be due to differences in the experimental conditions
or cultivar-specific responses. In this study, elevated [CO,] de-
creased HCN of the leaves in two cultivars at certain times
during the season but did not affect HCN in the peel and
core of the storage roots in any of the eight cultivars (Table 1;
Fig. 9; Supplementary Fig. S11; Supplementary Table S3).Thus,
the nine cultivars grown under FACE conditions suggest that
HCN content will remain the same or decrease. Nevertheless,
it will be important to investigate possible changes in plants
older than 4 months and under low or no N fertilization con-
ditions to fully understand how cassava toxicity will vary with
elevated [CO,] in mature plants and under practices followed
in sub-Saharan Africa.
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CO, stimulation of growth, above- and below-ground
biomass, and resource allocation varies among the
cassava cultivars

LAI values obtained by the end of the experiment in both
[CO,] treatments were higher (Fig. 6; Supplementary Fig. S6)
than those obtained in the previous cassava FACE experiment
with values of 3 for plants grown at ambient [CO,] and 3.5 for
plants grown at elevated [CO,] (Rosenthal et al., 2012). The
LAI values collected in this experiment were also higher than
what is considered the optimum LAI for root bulking rates in
cassava, according to Cock ef al. (1979). In both of these earlier
experiments, plants were located every 1 m, while this experi-
ment used 0.7 m spacing. Plant spacing can in part explain the
high values of LAI. LAI is higher when plant spacing decreases
or plant density increases for cassava grown at adequate soil N
conditions and can exceed 7.5 at plant spacing similar to that
used in this study (Streck et al., 2014). Additionally, high LAI
may partially explain why the percentage increase in above-
and below-ground biomass was lower than in the other FACE
experiment (Rosenthal et al., 2012), for example due to low
light penetration deeper into the canopy.

Opverall, above- and below-ground biomass increased at
elevated [CO,], which corresponded to higher LAI, height,
number of leaves, and number of branches (Figs 6, 10; Table 1;
Supplementary Figs S6, S12). The range of 22-39% stimulation
in storage root fresh weight under elevated [CO,] is similar to
the increase observed in potato (+40%; Miglietta et al., 1998),
but lower than values obtained for a different cassava cultivar at
the same experimental site (~90%; Rosenthal et al., 2012), per-
haps due to a higher early season bulking rate in this cultivar.
The fact that roots maintained higher biomass after drying at
elevated compared with ambient [CO,] indicates a high cap-
acity of the roots to accumulate carbohydrate. Because dry
roots achieved a higher percentage increase in biomass (from
25% to 51% in four cultivars; Supplementary Fig. S12) than
fresh roots, some cassava cultivars had lower water content in
the roots when grown at elevated [CO,| than at ambient [CO,]
(TMS98/0505 and TMS98/0581; Fig.10; Supplementary Fig.
S12). With the exception of TMS98/002, the cultivars with
the highest stimulation in dry storage roots were not the same
as the cultivars with the highest increases in photosynthesis
(Fig. 3; Supplementary Fig. S12). This may reflect cultivar-
specific efficiency to translocate carbohydrates to the storage
roots and/or differences in canopy structure that alter the rela-
tionship between leat A and canopy A. For example, elevated
[CO,] delayed branch development in TME7, indicating pri-
ority in investing resources in roots over branches. Despite a
low stimulation of leat A under elevated [CO,], TMS98/0581
exhibited the largest elevated [CO,| increase in storage root
fresh and dry weight (+39% and +51%, respectively; Fig. 10;
Supplementary Fig. S12). This cultivar was also the only one
to have high LAI and AGB but similar leat number at ele-
vated [CO,]. Despite more efficient partitioning to storage
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root biomass under elevated [CO,| than the other cultivars,
elevated [CO,] might have also altered TMS98/0581 canopy
architecture that allowed higher light interception efficiency
(e.g. larger leaves).

Despite a similar fresh weight of AGB at ambient [CO,],
TMS98/0002 and TMS30572 had contrasting allocation pat-
terns to roots at elevated [CO,]. At elevated [CO,], TMS98/0002
increased storage root fresh and dry weight by 33% but AGB
fresh weight by only 8% (Fig. 10; Supplementary Fig. S12). In
contrast, TMS30572 showed a small and non-significant in-
crease in storage root fresh and dry weight at elevated [CO,]
(+11% and +5%, respectively), while its fresh and dry weight
of AGB significantly increased by 25% and 37%, respectively
(Fig. 10; Supplementary Fig. S12). These differences in CO,
response and partitioning reflect the intraspecific variations
that are particular to the genetic background of each cultivar
and suggest they could be explored further to gain a better
understanding of how biomass allocation might be improved
for future environmental conditions. Interestingly, the effects
of elevated [CO,| on biomass partitioning of cassava did not
alter HI, which was the same for plants grown at ambient and
elevated [CO,| (Fig. 10; Supplementary Fig. S12). Similar re-
sults have been observed in an open-top chamber potato study
(Donnelly et al., 2001) but differed from another potato study
conducted under FACE conditions (Miglietta ef al., 1998).

In terms of food security, the high sink and photosynthetic
capacity of cassava allowed a promising stimulation of yield and
overall biomass under elevated [CO,]. Whether this stimulation
will increase or be maintained through a complete growing
season (~10 months) and with less or no N addition in African
soils still needs to be evaluated. In this study, cassava plants
grew in an organically rich soil (Flanagan/Drummer soil) that
was fertilized with N and without water or temperature stress
(maximum temperature range: 21-35 °C between DOY 154
and 274 with the exception of one day; Fig. 1). Consequently,
this study provides the first results of how African cassava culti-
vars will respond to elevated [CO,] under what may be nearly
optimal growing conditions.

Conclusion

As the demand for cassava storage roots increases, productivity
gains are needed. To know if enhancing cassava’s photosyn-
thetic efficiency will have the potential to increase yields, it is
important to know if cassava storage roots have the capacity to
use additional carbohydrate. We evaluated the sink strength of
cassava when grown under elevated [CO,| conditions, which
increased photosynthetic efficiency, and found high sink cap-
acity in cassava roots coupled with high photosynthetic rates
resulting in greater root biomass under elevated [CO,]. These
findings support the notion that cassava yields can be increased
by improving photosynthetic efficiency. Above- and below-
ground biomass allocations varied among cultivars, increasing
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root biomass more in certain cultivars. These differences in
biomass partitioning can facilitate the identification of prom-
ising cultivars for breeding to increase cassava yield. Cassava
grown at elevated [CO,| also exhibited improved water and
N use efficiency, which are highly desirable traits in African
agriculture where drought conditions are expected to be more
common and N fertilization is uncommon. Under elevated
[CO,], cassava leaf protein content and toxicity in leaves and
roots were unchanged. These findings suggest that breeding
for high photosynthetic efficiency in cassava might be pos-
sible without changes in other important characteristics for its
consumption.

Supplementary data

The following supplementary data are available at JXB online.

Dataset S1. Raw data to which the A/C, curves at 28 °C
were fit.

Figs S1 and S5-S11. Per day average of gas exchange and
growth parameters, SLA, leaf N, C:N, leaf protein and carbo-
hydrates content, and HCN from the eight cultivars of cassava
at ambient and elevated [CO,].

Fig. S2. Fitted responses of A/C; curves at 28 °C from the
eight cultivars of cassava grown at ambient and elevated [CO,]
for the measurements conducted on DOY 199-202.

Fig. S3. Fitted responses of A/C; curves at 28 °C from the
eight cultivars of cassava grown at ambient and elevated [CO,]
for the measurements conducted on DOY 226-229. Fig. S4.
Fitted responses of A/ C; curves at 28 °C from the eight cul-
tivars of cassava grown at ambient and elevated [CO,] for the
measurements conducted on DOY 267-269.

Fig. S12. Dry weight biomass of eight cultivars of cassava
grown at ambient and elevated [CO,] during the final harvest.

Fig. S13. Tuber yield of eight cultivars of cassava grown at
ambient and elevated [CO,] during the final harvest.

Table S1. Principal component loadings from PC1 and PC2
for each of the parameters.

Tables S2 and S3. Statistical analysis of the daily average for
each parameter.

Acknowledgements

This research was supported by the project ‘CASS—Metabolic engin-
eering of carbon pathways to enhance yield of root and tuber crops’ that
is funded by the Bill & Melinda Gates Foundation under grant number
OPP1113365. This work was also supported by the research project
Reealizing Increased Photosynthetic Efficiency (RIPE) thatis funded by the
Bill & Melinda Gates Foundation, Foundation for Food and Agriculture
Research, and the UK Foreign, Commonwealth & Development Office
under grant number OPP1172157. We are particularly grateful to Dr
Ravi Anjanappa and Professor Wilhelm Gruissem of ETH Zurich for
providing plantlets of the African cassava cultivars used in this study and
for providing the evidence required for the APHIS import permit that

all were virus free. The authors would like to thank Ron Edquilang, Elsa
Lauer, Greta Lauer, Julia Monk, Hunter Hicks, Charles Tam, and Mary
Durstock for assistance with conducting field measurements and pro-
cessing samples. We also want to thank Cecilia Blomstedt for help with
the cyanide assay, and David Drag, Ben Harbaugh, and Jesse McGrath for
help setting up the experiment and harvesting. Finally, we want to thank
Dr Rebecca A. Slattery for critically reading the manuscript.

Author contributions

UMR-V led the field experiment, laboratory work, data analysis, and
manuscript development. APDS assisted and provided inputs for the field
measurements and carbohydrates assays, drafted the first version of the
Introduction section of the manuscript, and conducted the PCA. MRA
grew the plants in vitro in a growth chamber and maintained the experi-
mental field, assisted in the field measurements, and performed the HCN
assay. RMG assisted in the HCN assay. DRO supervised the research. All
authors contributed to the final version of the manuscript.

Data availability

The data supporting the findings of this study are available from the cor-
responding author (DRO) upon request.

References

Ainsworth EA, Davey PA, Bernacchi CJ, et al. 2002. A meta-analysis
of elevated [CO,] effects on soybean (Glycine max) physiology, growth and
yield. Global Change Biology 8, 695-709.

Ainsworth EA, Long SP. 2005. What have we learned from 15 years of
free-air CO, enrichment (FACE)? A meta-analytic review of the responses of
photosynthesis, canopy properties and plant production to rising CO,. New
Phytologist 165, 351-371.

Ainsworth EA, Rogers A. 2007. The response of photosynthesis and sto-
matal conductance to rising [CO,]: mechanisms and environmental inter-
actions. Plant, Cell & Environment 30, 258-270.

Ainsworth EA, Rogers A, Leakey AD, Heady LE, Gibon Y, Stitt M,
Schurr U. 2007. Does elevated atmospheric [CO,] alter diurnal C uptake
and the balance of C and N metabolites in growing and fully expanded soy-
bean leaves? Journal of Experimental Botany 58, 579-591.

Ainsworth EA, Rogers A, Nelson R, Long SP. 2004. Testing the ‘source—
sink’ hypothesis of down-regulation of photosynthesis in elevated [CO,]
in the field with single gene substitutions in Glycine max. Agricultural and
Forest Meteorology 122, 85-94.

Ajetomobi J. 2016. Effects of weather extremes on crop vyields in Nigeria.
African Journal of Food, Agriculture, Nutrition and Development 16,
11168-11184.

Amaral LIV, Gaspar M, Costa PMF, Aidar MPM, Buckeridge MS.
2007. Novo método enzimatico rapido e sensivel de extracao e dosagem
de amido em materiais vegetais. Hoehnea, 34, 425-431.

Arp WJ. 1991. Effects of source-sink relations on photosynthetic acclima-
tion to elevated CO,. Plant, Cell & Environment 14, 869-875.

Bar-On YM, Milo R. 2019. The global mass and average rate of Rubisco.
Proceedings of the National Academy of Sciences, USA 116, 4738-4743.
Bernacchi CJ, Kimball BA, Quarles DR, Long SP, Ort DR. 2007.
Decreases in stomatal conductance of soybean under open-air elevation of

[CO,] are closely coupled with decreases in ecosystem evapotranspiration.
Plant Physiology 143, 134-144.



Bernacchi CJ, Leakey AD, Heady LE, et al. 2006. Hourly and seasonal
variation in photosynthesis and stomatal conductance of soybean grown at
future CO, and ozone concentrations for 3 years under fully open-air field
conditions. Plant, Cell & Environment 29, 2077-2090.

Bernacchi CJ, Pimentel C, Long SP. 2003. /n vivo temperature response
functions of parameters required to model RuBP-limited photosynthesis.
Plant, Cell & Environment 26, 1419-1430.

Bernacchi CJ, Portis AR, Nakano H, von Caemmerer S, Long SP.
2002. Temperature response of mesophyll conductance. Implications for
the determination of Rubisco enzyme kinetics and for limitations to photo-
synthesis in vivo. Plant Physiology 130, 1992-1998.

Bernacchi CJ, Singsaas EL, Pimentel C, Portis ARJ, Long SP. 2001.
Improved temperature response functions for models of Rubisco-limited
photosynthesis. Plant, Cell & Environment 24, 253-259.

Biratu GK, Elias E, Ntawuruhunga P, Sileshi GW. 2018. Cassava response
to the integrated use of manure and NPK fertilizer in Zambia. Heliyon 4, e00759.

Bishop KA, Leakey ADB, Ainsworth EA. 2014. How seasonal tempera-
ture or water inputs affect the relative response of C; crops to elevated
[CO,): a global analysis of open top chamber and free air CO, enrichment
studies. Food and Energy Security 3, 33-45.

Bishop KA, Lemonnier P, Quebedeaux JC, Montes CM, Leakey ADB,
Ainsworth EA. 2018. Similar photosynthetic response to elevated carbon
dioxide concentration in species with different phloem loading strategies.
Photosynthesis Research 137, 453-464.

Bull SE, Owiti JA, Niklaus M, Beeching JR, Gruissem W,
Vanderschuren H. 2009. Agrobacterium-mediated transformation of fri-
able embryogenic calli and regeneration of transgenic cassava. Nature
Protocols 4, 1845-1854.

Burnett AC, Rogers A, Rees M, Osborne CP. 2016. Carbon source—sink
limitations differ between two species with contrasting growth strategies.
Plant, Cell & Environment 39, 2460-2472.

Burns AE, Gleadow RM, CIliff J, Zacarias A, Cavagnaro TR. 2010.
Cassava: the drought, war and famine crop in a changing environment.
Sustainability 2, 3572-3607.

Ceballos H, Pérez JC, Joaqui Barandica O, Lenis JI, Morante N,
Calle F, Pino L, Hershey CH. 2016. Cassava breeding |: the value of
breeding value. Frontiers in Plant Science 7, 1227.

Center for Tropical Agriculture. 2007. Cassava research and de-
velopment in Asia: exploring new opportunities for an ancient crop. In:
Howeler RH, ed. 7th Regional Workshop. Bangkok, Thailand, 174-314.

Chetty CC, Rossin CB, Gruissem W, Vanderschuren H, Rey ME. 2013.
Empowering biotechnology in southern Africa: establishment of a robust
transformation platform for the production of transgenic industry-preferred
cassava. New Biotechnology 30, 136-143.

Cock JH, Franklin D, Sandoval G, Juri P. 1979. The ideal cassava plant
for maximum yield. Crop Science 19, 271-279.

Conn EE. 1988. Biosynthetic relationship among cyanogenic glycosides,
glucosinolates and nitro compounds. In: Cutler G, ed. Biologically active
natural products: potential use in agriculture. Washington, DC: American
Chemical Society, 143-154.

Cruz JL, Alves AAC, LeCain D, Ellis D, Morgan JA. 2014. Effect of ele-
vated CO, concentration and nitrate:ammonium ratios on gas exchange
and growth of cassava (Manihot esculenta Crantz). Plant and Soil 374,
33-43.

De Souza AP, Arundale RA, Dohleman FG, Long SP, Buckeridge MS.
2013. Will the exceptional productivity of Miscanthus x giganteus increase
further under rising atmospheric CO,? Agricultural and Forest Meteorology
171-172, 82-92.

De Souza AP, Long SP. 2018. Toward improving photosynthesis in cas-
sava: characterizing photosynthetic limitations in four current African culti-
vars. Food and energy security 7, e00130.

De Souza AP, Massenburg LN, Jaiswal D, Cheng S, Shekar R,
Long SP. 2017. Rooting for cassava: insights into photosynthesis and as-
sociated physiology as a route to improve yield potential. New Phytologist
213, 50-65.

Sink strength in cassava at elevated [CO,] | 559

De Souza AP, Wang Y, Orr DJ, Carmo-Silva E, Long SP. 2019.
Photosynthesis across African cassava germplasm is limited by Rubisco
and mesophyll conductance at steady state, but by stomatal conductance
in fluctuating light. New Phytologist 225, 2498-2512.

Donnelly A, Craigon J, Black CR, Colls JJ, Landon G. 2001. Elevated
CO, increases biomass and tuber yield in potato even at high ozone con-
centrations. New Phytologist 149, 265-274.

Drake BG, Gonzalez-Meler MA, Long SP. 1997. More efficient plants: a
consequence of rising atmospheric CO,? Annual Review of Plant Physiology
and Plant Molecular Biology 48, 609-639.

Druilhe Z, Barreiro-Hurlé J. 2012. Fertilizer subsidies in sub-Saharan
Africa. ESA Working Paper No. 12-04. Rome: FAO.

Ellis RJ. 1979. The most abundant protein in the world. Trends in
Biochemical Sciences 4, 241-244.

El-Sharkawy MA. 1993. Drought-tolerant cassava for Africa, Asia, and
Latin America. BioScience 43, 441-451.

El-Sharkawy MA. 2004. Cassava biology and physiology. Plant Molecular
Biology 56, 481-501.

El-Sharkawy M, De Tafur SM. 2007. Genotypic and within canopy vari-
ation in leaf carbon isotope discrimination and its relation to short-term leaf
gas exchange characteristics in cassava grown under rain-fed conditions in
the tropics. Photosynthetica 45, 515-526.

Farquhar GD, von Caemmerer S, Berry JA. 1980. A biochemical model
of photosynthetic CO, assimilation in leaves of Cgz species. Planta 149,
78-90.

Fernandez MD, Tezara W, Rengifo E, Herrera A. 2002. Lack of
downregulation of photosynthesis in a tropical root crop, cassava, grown
under an elevated CO, concentration. Functional Plant Biology 29, 805-814.

Forbes S, Cernusak L, Northfield T, Gleadow R, Lambert S,
Cheeseman A. 2020. Elevated temperature and carbon dioxide alter
resource allocation to growth, storage and defence in cassava (Manihot
esculenta). Experimental Environmental Botany 173, 103997.

Gleadow R, Pegg A, Blomstedt CK. 2016. Resilience of cassava (Manihot
esculenta Crantz) to salinity: implications for food security in low-lying re-
gions. Journal of Experimental Botany 67, 5403-5413.

Gleadow RM, Edwards EJ, Evans JR. 2009b. Changes in nutritional
value of cyanogenic Trifolium repens grown at elevated atmospheric CO..
Journal of Chemical Ecology 35, 476-478.

Gleadow RM, Evans JR, McCaffery S, Cavagnaro TR. 2009a. Growth
and nutritive value of cassava (Manihot esculenta Cranz.) are reduced when
grown in elevated CO,. Plant Biology 11, 76-82.

Gleadow RM, Foley WJ, Woodrow IE. 1998. Enhanced CO, alters the
relationship between photosynthesis and defence in cyanogenic Eucalyptus
cladocalyx F. Muell. Plant, Cell & Environment 21, 12-22.

Gleadow RM, Mpgller BL. 2014. Cyanogenic glycosides: synthesis,
physiology, and phenotypic plasticity. Annual Review of Plant Biology 65,
155-185.

Gleadow RM, Woodrow IE. 2002. Constraints on effectiveness of cy-
anogenic glycosides in herbivore defense. Journal of Chemical Ecology 28,
1301-1313.

Halpern M, Bar-Tal A, Lugassi N, Egbaria A, Granot D, Yemiyahu U.
2019. The role of nitrogen in photosynthetic acclimation to elevated [CO,] in
tomatoes. Plant and Soil 434, 397-411.

Harley PC, Loreto F, Di Marco G, Sharkey TD. 1992. Theoretical con-
siderations when estimating the mesophyll conductance to CO, flux by
analysis of the response of photosynthesis to CO,. Plant Physiology 98,
1429-1436.

Howeler R. 2006. Cassava in Asia: trends in cassava production, pro-
cessing and marketing. Presented at the workshop Partnership in modern
science to develop a strong cassava commercial sector in Africa and appro-
priate varieties by 2020. Bellagio, Italy.

Howeler RH. 2002. Cassava mineral nutrition and fertilization. In:
Hillocks RJ, Thresh JM, Bellotti AC, eds. Cassava biology, production and
utilization. Wallingford, UK: CABI Publishing, 115-147.



560 | Ruiz-Vera et al.

Howeler RH. 2014. How to apply NPK fertilizers: what kind, how much,
when and where? In: Sustainable Soil and Crop Management of Cassava in
Asia — A reference manual. Cali, Colombia: International Center for Tropical
Agriculture (CIAT) Publishing, 81-88.

IITA. 2017. Synthesis report of the Nigeria zero hunger strategic review.
lbadan, Nigeria: International Institute of Tropical Agriculture.

Jones MG, Outlaw WH, Lowry OH. 1977. Enzymic assay of 10~ to 1074
moles of sucrose in plant tissues. Plant Physiology 60, 379-383.

Krapp A, Hofmann B, Schafer C, Stitt M. 1993. Regulation of the ex-
pression of rbcS and other photosynthetic genes by carbohydrates: a
mechanism for the ‘sink regulation’ of photosynthesis? The Plant Journal
3, 817-828.

Kromdijk J, Gtowacka K, Leonelli L, Gabilly ST, Iwai M, Niyogi KK,
Long SP. 2016. Improving photosynthesis and crop productivity by accel-
erating recovery from photoprotection. Science 354, 857-861.

Latif S, Miiller J. 2015. Potential of cassava leaves in human nutrition: a
review. Trends in Food Science & Technology 44, 147-158.

Leakey AD, Ainsworth EA, Bernacchi CJ, Rogers A, Long SP, Ort DR.
2009. Elevated CO, effects on plant carbon, nitrogen, and water relations:
six important lessons from FACE. Journal of Experimental Botany 60,
2859-2876.

Lebot V. 2009. Tropical roots and tuber crops: cassava, sweet potato,
yams and aroids. Wallingford, UK: CABI Publishing.

Long SP, Ainsworth EA, Leakey AD, Nosberger J, Ort DR. 2006. Food
for thought: lower-than-expected crop vyield stimulation with rising CO, con-
centrations. Science 312, 1918-1921.

Long SP, Ainsworth EA, Rogers A, Ort DR. 2004. Rising atmospheric
carbon dioxide: plants FACE the future. Annual Review of Plant Biology 55,
591-628.

Marx S. 2019. Cassava as feedstock for ethanol production: a global per-
spective. In: Ray RC, Ramachandran S eds. Bioethanol production from
food crops. Academic Press, 101-113.

McGrath JM, Lobell DB. 2013. Reduction of transpiration and altered nu-
trient allocation contribute to nutrient decline of crops grown in elevated
CO, concentrations. Plant, Cell & Environment 36, 697-705.

McKey D, Cavagnaro TR, Cliff J, Gleadow RM. 2010. Chemical ecology
in coupled human and natural systems: people, manioc, multitrophic inter-
actions and global change. Chemoecology 20, 109-133.

McMahon JM, White WLB, Sayre RT. 1995. Cyanogenesis in cassava
(Manihot esculenta Crantz). Journal of Experimental Botany 46, 731-741.

Medrano H, Tomas M, Martorell S, Flexas J, Hernandez E, Rossell6 J,
Pou A, Escalona J-M, Bota J. 2015. From leaf to whole-plant water use
efficiency (WUE) in complex canopies: limitations of leaf WUE as a selection
target. The Crop Journal 3, 220-228.

Miglietta F, Magliulo V, Bindi M, Cerio L, Vaccari FP, Loduca V,
Peressotti A. 1998. Free air CO, enrichment of potato (Solanum tuberosum
L.): development, growth and yield. Global Change Biology 4, 163-172.

Miglietta F, Peressotti A, Vaccari FP, Zaldei A, DeAngelis P,
Scarascia- Mugnozza G. 2001. Free-air CO, enrichment (FACE) of a
poplar plantation: the POPFACE fumigation system. New Phytologist 150,
465-476.

Milingi N, Poulter NH, Rosling H. 1992. An outbreak of acute intoxica-
tions from consumption of insufficiently processed cassava in Tanzania.
Nutrition Research 12, 677-687.

Moore BD, Cheng S-H, Sims D, Seemann JR. 1999. The biochemical
and molecular basis for photosynthetic acclimation to elevated atmospheric
CO,. Plant, Cell & Environment 22, 567-582.

Moualeu-Ngangue DP, Chen T-W, Stiitzel H. 2017. A new method to
estimate photosynthetic parameters through net assimilation rate-intercel-
lular space CO, concentration (A-Ci) curve and chlorophyll fluorescence
measurements. New Phytologist 213, 1543-1554.

Myers SS, Zanobetti A, Kloog |, et al. 2014. Increasing CO, threatens
human nutrition. Nature 510, 139-142.

Nweke Fl. 2005. The cassava transformation in Africa. In: Proceedings
of the validation forum on the global cassava development strategy: a re-
view of cassava in Africa with country case studies on Nigeria, Ghana, the

United Republic of Tanzania, Uganda and Benin. Rome: FAO and IFAD,
16-61.

Nzwalo H, CIliff J. 2011. Konzo: from poverty, cassava, and cyanogen
intake to toxico-nutritional neurological disease. PLoS Neglected Tropical
Diseases 5, e1051.

Oppong-Apane K. 2013. Cassava as animal feed in Ghana: past, present
and future. Bedane B, Ly C, Makkar HPS, eds. Accra, Ghana: FAQO.

Paul MJ, Pellny TK. 2003. Carbon metabolite feedback regulation of
leaf photosynthesis and development. Journal of Experimental Botany 54,
539-547.

Pellet D, ElI-Sharkawy M. 1994. Sink-source relations in cassava: ef-
fects of reciprocal grafting on yield and leaf photosynthesis. Experimental
Agriculture 30, 359-367.

Pushpalatha R, Gangadharan B. 2020. Is cassava (Manihot esculenta
Crantz) a climate ‘smart’ crop? A review in the context of bridging future
food demand gap. Tropical Plant Biology 13, 201-211.

Rogers A, Ainsworth EA. 2006. The response of foliar carbohydrates to
elevated [CO,]. In: Nésberger J, Long SO, Norby RJ, Stitt M, Hendrey GR,
Blum H, eds. Managed ecosystems and CO,. Ecological Studies (Analysis
and Synthesis), Vol. 187, Berlin, Heidelberg: Springer, 293-308.

Rosenthal DM, Slattery RA, Miller RE, Grennan AK, Cavagnaro TR,
Fauquet CM, Gleadow RM, Ort DR. 2012. Cassava about-FACE: greater
than expected yield stimulation of cassava (Manihot esculenta) by future
CO, levels. Global Change Biology 18, 2661-2675.

Ruiz-Vera UM, De Souza AP, Long SP, Ort DR. 2017. The role of sink
strength and nitrogen availability in the down-regulation of photosynthetic
capacity in field-grown Nicotiana tabacum L. at elevated CO, concentration.
Frontiers in Plant Science 8, 998.

Sage RF, Pearcy RW, Seemann JR. 1987. The nitrogen use efficiency of
Cs and G, plants: lll. Leaf nitrogen effects on the activity of carboxylating
enzymes in Chenopodium album (L.) and Amaranthus retroflexus (L.). Plant
Physiology 85, 355-359.

Serdeczny O, Adams S, Baarsch F, Coumou D, Robinson A, Hare W,
Schaeffer M, Perrette M, Reinhardt J. 2017. Climate change impacts in
Sub-Saharan Africa: from physical changes to their social repercussions.
Regional Environmental Change 17, 1585-1600.

Sharkey TD, Bernacchi CJ, Farquhar GD, Singsaas EL. 2007. Fitting
photosynthetic carbon dioxide response curves for Cy leaves. Plant, Cell &
Environment 30, 1035-1040.

Sheen J. 1990. Metabolic repression of transcription in higher plants. The
Plant Cell 2, 1027-1038.

Siritunga D, Sayre R. 2004. Engineering cyanogen synthesis and turnover
in cassava (Manihot esculenta). Plant Molecular Biology 56, 661-669.

Sonnewald U, Fernie AR. 2018. Next-generation strategies for under-
standing and influencing source-sink relations in crop plants. Current
Opinion in Plant Biology 43, 63—-70.

South PF, Cavanagh AP, Liu HW, Ort D. 2019. Synthetic glycolate me-
tabolism pathways stimulate crop growth and productivity in the field.
Science 363, eaat9077.

Spreitzer RJ, Salvucci ME. 2002. Rubisco: structure, regulatory inter-
actions, and possibilities for a better enzyme. Annual Review of Plant
Biology 53, 449-475.

Stitt M. 1991. Rising CO, levels and their potential significance for carbon
flow in photosynthetic cells. Plant, Cell & Environment 14, 741-762.

Streck NA, Pinheiro DG, Junior Zanon A, Gabriel LF, Rocha TSM,
de Souza AT, da Silva MR. 2014. Effect of plant spacing on growth, de-
velopment and yield of cassava in subtropical environment. Bragantia 73,
407-415.

Taub DR, Miller B, Allen H. 2008. Effects of elevated CO, on the protein
concentration of food crops: a meta-analysis. Global Change Biology 14,
565-575.

von Caemmerer S, Farquhar GD. 1981. Some relationships between
the biochemistry of photosynthesis and the gas exchange of leaves. Planta
153, 376-387.



