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Abstract

Although peroxisomes play a key role in plant metabolism under both normal and stressful growth
conditions, the impact of drought and heat stress on the peroxisomes remains unknown. Quinoa
represents an informative system for dissecting the impact of abiotic stress on peroxisome
proliferation because it is adapted to marginal environments. Here we determined the correlation of
peroxisome abundance with physiological responses and yield under heat, drought, and heat plus
drought combination stresses in eight genotypes of quinoa. We found that all stresses caused a
reduction in stomatal conductance and yield. Furthermore, H,0, content increased under drought
and heat plus drought. Principal component analysis demonstrated that peroxisome abundance
correlated positively with H,0, content in leaves and correlated negatively with yield. Person
correlation coefficient for yield and peroxisome abundance (r=-0.59) was higher than for commonly
used photosynthetic efficiency (r=0.23), but comparable to those for classical stress indicators such
as soil moisture content (r=0.51) or stomatal conductance (r=0.62). Our work established
peroxisome abundance as a sensitive parameter for responses to heat and drought stress in the
genetically diverse populations. As heat waves threaten agricultural productivity in arid climates, our
findings will facilitate identification of genetic markers for improving yield of crops under extreme

weather patterns.

Introduction

Quinoa (Chenopodium quinoa Willd.) is an ancient seed crop originating from the Andean region of
South America. Quinoa has gained considerable attention worldwide over the past decade due to its
positive end-use quality characteristics and its nutritional and health benefits, most notably as a
gluten-free, high-protein crop with a well-balanced complement of amino acids and high
concentrations of iron, calcium, and phosphorus (Vega-Galvez et al., 2010; Wu, 2015; Wu et al.,
2016, 2017a,b; Kowalski et al., 2016; Aluwi et al., 2017). Although the natural distribution of quinoa
is from southern Colombia to the coast of south-central Chile from 2 °N to 43 °S (Zurita-Silva et al.,
2014), quinoa has recently been cultivated in parts of the world with arid and hot growth seasons
(Bazile et al., 2016a; Murphy et al., 2016). Quinoa adapts to drought conditions (Geerts et al., 2008;
Martinez et al., 2009; Razzaghi et al., 2012; Walters et al., 2016; Maliro et al., 2017) by accumulating
solutes, reducing leaf stomatal conductance, and modulating root architecture (Bosque Sanchez et

al., 2003; Jacobsen et al., 2009; Gonzalez et al., 2011; Alvarez-Flores et al., 2018). High temperatures
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stimulate quinoa growth (Yang et al., 2016; Becker et al., 2017; Bunce, 2017; Hinojosa et al., 2019)
but diminish seed yield, particularly under drought conditions (Fuentes and Bhargava, 2011;
Peterson and Murphy, 2015; Walters et al., 2016; Lesjak and Calderini, 2017; Hinojosa et al., 2018).
However, the reasons for the high sensitivity of quinoa to the combination of heat and drought

remain poorly understood.

The combination of heat and drought stress causes greater yield loss than the individual stresses of
drought, heat, freezing, or flooding in all crops including barley, maize, wheat (Suzuki et al., 2014;
Zandalinas et al., 2018). Air temperature in the previous century rose by ~0.8 °C, and by the end of
this century, the temperature is predicted to increase by ~2-4 °C (IPCC, 2014). Sustaining quinoa
yields in climates with frequent heat waves will depend, in large part, on breeding heat-tolerant
varieties. These efforts are hindered by the lack of suitable markers that can be used in breeding
programs for heat and drought tolerance (Raney et al., 2014; Morales et al., 2017). Here we aim to

identify such markers.

Our approach is based on the knowledge that high temperature and drought induce oxidative stress
in all thus far analyzed plants by accelerating the generation of reactive oxygen species (ROS)
including singlet oxygen, superoxide radical, hydrogen peroxide, and hydroxyl racial (Mittler, 2002;
Sharma et al., 2012). Low concentrations of ROS contribute to the induction of adaptive responses to
abiotic stresses such as ozone, UV, high light intensity, dehydration, wounding, and temperature
extremes (Mittler et al., 2011; Baxter et al., 2014; Suzuki et al., 2014; Choudhury et al., 2017).
However, accumulation of ROS also inflicts damage to cellular components through peroxidation of
membrane lipids and oxidation of proteins, DNA and RNA (Mittler, 2002; Sharma et al., 2012;
Choudhury et al., 2017). Cells deploy ROS-scavenging enzymes and anti-oxidants to ameliorate this

oxidative damage.

One of the key components of the ROS scavenging system are peroxisomes, the small ubiquitous
globular organelles of approximately 1 um in diameter bounded with a single membrane (De Duve
and Baudhuin, 1966). Peroxisomes contain an efficient ROS scavenging system that includes the
antioxidants ascorbate and glutathione, and several antioxidant enzymes including dehydro- and
monodehydro-ascorbate reductase, glutathione peroxidase, glutathione reductase, ascorbate

peroxidase, peroxiredoxins, superoxide dismutase, and catalase (Nyathi and Baker, 2006; Cruz de
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Carvalho, 2008; Corpas et al., 2017a). Catalase was shown to play a role in scavenging hydrogen
peroxide (H,0,) under stress conditions including drought in all thus far examined plant species

including maize, sunflower and rice (Apel and Hirt, 2004; Cruz de Carvalho, 2008).

Abiotic stresses including drought, soil salinity, high light intensity, and heavy metals are known to
increase peroxisome abundance in Arabidopsis (Desai and Hu, 2008; Sinclair et al., 2009; Rodriguez-
Serrano et al., 2016; Fahy et al., 2017) and drought increases peroxisome abundance in wheat
(Sanad et al. 2019). Peroxisomes were proposed as a cellular proxy of drought and stresses that
induce ROS production (Smertenko, 2017). Peroxisomes can form de novo from the endoplasmic
reticulum or proliferate through fission (Hu et al., 2012; Kao et al., 2018). Peroxisome proliferation
begins with peroxisome elongation mediated by the peroxisomal membrane-binding protein
peroxinll (PEX11) (Orth et al., 2007; Sinclair et al., 2009; Rodriguez-Serrano et al., 2016). The
transcription of PEX11 genes showed correlation with peroxisome abundance in response to salt
stress in Arabidopsis (Mitsuya et al., 2010; Fahy et al., 2017). Drought stress also promotes
transcription of PEX11 genes Arabidopsis and wheat (Ebeed et al. 2018; Li and Hu 2015). Completion
of the fission is facilitated by FISSION1 proteins FIS1A and FIS1B (Lingard et al., 2008; Hu et al., 2012),
and the dynamin-related proteins 3A and 3B (DRP3A, DRP3B) (Lingard et al., 2008). The peroxisomal
and mitochondrial division factor 1 (PMD1) also plays a role in peroxisomal fission (Aung and Hu,

2011); however, whether PMD1 works within the PEX11 pathway remains unclear.

The overall goals of this study are: (i) to determine the reasons for quinoa yield losses in response to
heat, drought, and heat plus drought combination in eight quinoa genotypes from diverse
geographical locations; and (ii) to test the suitability of using peroxisome abundance as a marker of
response to heat, drought and heat and drought combination. We measured plant responses under
field and greenhouse conditions using several established traits such as seed yield, ROS
accumulation, stomatal conductance, leaf greenness index, photosynthetic activity, and
guantification of peroxisome abundance. Our data shows that quinoa has limited capacity to avoid
accumulation of reactive oxygen species under all stresses. Hence, protection of quinoa yield losses
in arid hot climates requires breeding varieties with more efficient ROS homeostasis. We
demonstrate that peroxisome peroliferation under our experimental conditsions correlates with

transcription level of genes for peroxisome fission proteins PEX11C and FIS1A.
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Materials and Methods

Field experiments

Eight quinoa genotypes were selected out of 120 in our preliminary experiments in which plants
were germinated in the greenhouse and then exposed to 40°C for 3 hours each day for 12 days
starting at the flowering stage. Leaf greenness index (LGl) was measured on three random leaves
from the middle of each plant by a Minolta SPAD-502 M (Konica Minolta Sensing, Tokyo, Japan) on
the day that the plants were moved to the high temperature conditions (day 0) and 12 days after the
heat treatment. The reduction of LGl was calculated as the difference between LGl on day 12 of the
heat treatment and Day 0. The yield was calculated at maturity and measured per individual plant.
Based on the grain yield and the LGI, four accessions were selected as putative heat-tolerant
genotypes (QQ74, Pison, Baer, and BGQ 352) and four selected as putative heat-susceptible

genotypes (Japanese Strain, 3 UISE, 17GR, and La Molina; Table 1).

The above eight genotypes were grown at Spillman Agronomy Farm of Washington State University
(WSU) in Pullman, WA, USA (46°41'54"N 117°08'48"W, altitude 760 m), from June to October 2016
in sandy loam soil with pH of 5.7 and 3.96 % organic matter. The plants were seeded in the
greenhouse, and one-month-old seedlings were transplanted in the field. The field was divided into
distinct irrigated and non-irrigated treatments; 250 mm of supplementary water was delivered using
drip irrigation in the irrigated treatment. Irrigation was supplied at least two days per week from the
time of transplanting until the fruit development stage. Four replicates per genotype were grown in
each irrigation treatment. The hottest temperature recorded was 35.1°C coinciding with the
flowering stage, and the total rainfall was 45.72 mm (Supplementary Fig. S1). Soil moisture content
and soil temperature were obtained using a 5TM soil sensor and recorded with a ProCheck data

logger (Decagon Devices, Inc. Pullman, WA, USA).

Stomatal conductance, LGI, and chlorophyll a fluorescence were used as general indicators of stress.
Chlorophyll a fluorescence was measured using a pulse amplitude modulation portable fluorometer
MINI-PAM Walz GmbH (Effeltrich, Germany); leaves were dark-adapted for 30 min prior to the
measurements with a leaf clip (DCL-8, Walz GmbH). Stomatal conductance was measured in the

same leaves with a SC-1 Decagon porometer (Pullman, WA, USA) in fully expanded leaves from the
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middle portion of the plant. LGI was measured with a Minolta SPAD-502 M. To assess the impact on
yield components, plant height, and grain weight parameters were recorded. The seeds were
harvested by hand and cleaned using a blower type 4110.21.00 (200 mm) with inlet cup of 125 mm
model 4110.20.09 (Seed Processing Holland B.V. Enkhuizen, The Netherlands).

Greenhouse and growth chamber experiments

The experiment was conducted in greenhouses at WSU, using the same eight quinoa genotypes that
were used in the field experiment. Quinoa plants were grown in 2.6 L pots, filled with Sunshine
Professional Growing Mix that includes 70-80% Canadian Sphagnum peat moss and dolomitic
limestone remnants (Agawam, MA). Approximately five seeds per pot were sown. Seedlings were
thinned to one plant per pot 10 days after seeding (DAS). Fertilization was performed 20 DAS with 2
g of Osmocote® classic (13-13-13; Everris, NA, Inc.) per pot. Plants were watered daily, and soil
moisture content and soil temperature were monitored and stored daily using a 5TM probe and a
ProCheck Sensor Read-Out (Supplementary Fig. $2). The growth chamber conditions were as
follows: 14 h daytime, 700 pumol m™s™ photosynthetic photon flux density (PPFD), 25/19 °C daytime
maximum/nighttime minimum temperatures, three hours of a ramping period between day and

night, 40-70% relative humidity.

The stress treatments were applied 45 DAS when plants were at the flowering stage. Heat and heat
x drought treatments were performed in the phenomics growth chamber facility of WSU, whereas
plants in the drought and control treatments remained in the greenhouse. The growth conditions in
the phenomics chamber were identical to those in the greenhouse during acclimation for three days
before imposing the stress. The temperature was then increased to 35/30 °C daytime
maximum/nighttime minimum, and relative humidity was maintained at 20-45%. To induce drought
stress, watering was withheld until the soil water content decreased to ~0.08 m>/m>. Plants were
exposed to the drought, heat, and heat x drought stress treatments for five days. The temperature
was then reduced to the original temperature (25/19 °C), and the plants were re-watered. After
three days of recovery from the heat stress, the plants were moved from the phenomics growth
chamber to the original greenhouse until harvesting. Air temperature and relative humidity were
recorded every 30 min using a Lascar EL-USB-2-LCD USB Humidity Data Logger w/ LCD Display
(MicroDAQ.com, Contoocook, NH) both in the greenhouse and the growth chamber (Supplementary

Fig. S2). Chlorophyll fluorescence was imaged in dark-adapted plants with FluorCam 2701 LU camera
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(Photon Systems Instruments, Drdsov, Czech Republic). The maximum quantum efficiency of PSlI
(Fv/Fm) and non-photosynthetic quenching (NPQ) were determined from the images using Fluorcam
software (version 7.0, 2007-2012, Photon Systems Instruments) according to manufacturer
recommendations. Chlorophyll a fluorescence was measured with a pulse amplitude modulation
portable fluorometer MINI-PAM Walz GmbH. LGl was measured as above on day 0 (plants were
moved to the high temperature conditions) and day 5 of the heat treatment. The reduction of LGI
was calculated as the difference between LGl on Day 5 of the heat treatment and Day 0. Stomata

conductance and yield were measured as described above.

Microscopy and image analysis

Peroxisome staining was performed in young leaves approximately 1 cm in diameter using 1 uM N-
BODIPY solution (Nitro-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene), which was prepared freshly
from 1 mM stock solution in DMSO (Fahy et al., 2017). The images were acquired after 15 min of
staining with Leica SP8 confocal microscope in the resonant scanning mode (12000 Hz) with six

averages, 512 x 512 pixels image resolution.

Measuring peroxisome abundance

Peroxisome abundance was measured using N-BODIPY as described by Fahy et al. (2017). In the field
experiments, the leaves were collected 57 days after transplanting to the field. The average
temperature during this period was 31.4 °C. In the growth chamber experiments, the leaves were
collected on the fifth day of the heat stress. Leaves were ground in liquid nitrogen, and total protein
was extracted using a buffer containing 50 mM Tris-HCI, pH 8.0, 0.5 M NacCl, 8 M urea. Cell debris
was removed by centrifugation for 10 min at 14,000 rpm at room temperature. Then 20 pl of the
protein extract of each sample was mixed with 80 pl of freshly prepared 2 uM solution of N-BODIPY
and 100 pl of water in 96-well plates and incubated for 10 min. The fluorescence intensity was
measured at 490 nm excitation wavelength and 530 nm emission wavelength using
spectrofluorimeter Synergy Neo B (Biotek Instrument, Inc). Three technical and four biological
replicates were performed per genotype in each treatment. The background was measured as (i) 20
pl of N-BODIPY supplemented with 180 pl of water per 96-well plate, and (ii) 20 pl of the protein
extract in 180 pl of water per extract. Both background values were subtracted from the N-BODIPY

fluorescence signal value. The fluorescence intensity was normalized by the protein concentration as
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measured with the Bradford Reagent (Biorad Laboratories) using a calibration curve constructed
with solutions of known concentration of Bovine Serum Albumin. Fluorescence intensity was

calculated in arbitrary units per 1 mg of protein.

Hydrogen peroxide content

Hydrogen peroxide content was measured according to Junglee, Urban, Sallanon & Lopez-Lauri
(2014), with modification. The same leaf material was used for measuring peroxisome abundance
and H,0, content. Ground leaf material (150 mg) was extracted in 1 ml of buffer containing 0.1%
(w/v) Trichloroacetic acid (TCA), 1 M Kl and 10 mM KH,PQ, buffer, 5.8 pH at 4 °C for 10 min. A
control was prepared with the same buffer but without KI. The extracts were protected from direct
light. The homogenate was centrifuged at 12,000 x g for 15 min at 4 °C. Then, 200 pL of supernatant
from each tube was placed in UV-microplate wells, incubated at room temperature (20 °C — 22 °C)
for 20 min, and absorbance was measured at 320 nm. Three technical repeats were conducted per

each sample. H,0, concentration was determined using a calibration curve.

Gene transcription analysis

Peroxisome genes in quinoa were identified by performing a BLAST search of Arabidopsis sequences
against the quinoa pseudomolecule genome assembly (Jarvis ef al., 2017) using default parameters
(Supplementary Fig. S3). Syntenic regions of coding sequences surrounding homoeologous genes

pairs in quinoa were identified and visualized using the CoGE GEvo tool (Lyons and Freeling, 2008).

RNA was extracted from leaves using the RNeasy Plant Mini Kit (Qiagen Inc, CA, USA). cDNA was
synthesized using the Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific
Inc.). Transcripts of quinoa peroxisome biogenesis genes Peroxin11A, B, and C; FISSION1 (FIS1A);
dynamin-related proteins (DRPs), and the peroxisomal and mitochondrial division factor 2 (PMD2)
were annotated from the quinoa genome sequence (Jarvis et al., 2017). The gPCR primers were
designed to target both homoeologs for each peroxisome genes and primer-blast software was used
to design them. (Supplementary Table S1). Glyceraldehyde 3-phosphate

dehydrogenase (CqGAPDH) was used as the reference as it was reportedly provides a suitable
reference for analysis of gene expression under abiotic stress (Ruiz-Carrasco et al., 2011)

(Supplementary Table S1). Three biological and three technical replicates were performed per
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sample. The relative quantification (RQ) values were calculated using ACT mean and normalized by

with CqGAPDH values.

Phylogenetic analysis

Phytozome v12 (https://phytozome.jgi.doe.gov) database was used to download amino acid
sequences for CqPEX11, CqDRP, CqFiS1, and CqPMD2 (Supplementary Table S2). The alignment of
sequences was performed using the ClustalX software package (Thompson et al., 1997). The
phylodendrogram was constructed using the Bootstrap/Jackknife method of PAUP 4.0 software
(Sinauer Associates). Bootstrap values were calculated from 1000 replicates; only groups with
bootstrap scores of 60 or above were retained in the phylodendrogram. The alignment of the
sequences is included as Supplemental Dataset 1. Homo sapiens HsPEX11A (NP_003838.1),
HsPEX11B (NP_001171724.1), HsPEX11C (NP_542393.1), and Drosophila melanogaster DmPEX11
(NP_611071.1) were used as an outgroup for constructing PEX11 phylodendrogram. Arabidopsis
thaliana AtDRP1E and AtDRP1C were used as an outgroup for constructing DRP phylodendrogram.

Statistical analysis

For the field experiment, a split block design was used in order to evaluate the effects of irrigation
and genotype. Irrigation was the main plot and genotype the sub-plot. Four blocks were used (2.77

m? per plot), and 30 plants were grown per plot, with 30 cm distance between plants.

For the growth chamber experiment, four treatments (control, drought, heat, and heat x drought
combined stress) and four biological replicates (plant/pot) were used for each genotype. The data
were subjected to two-way ANOVA for the growth chamber and field experiment. Standard error
was shown as an estimate of variability. One-way ANOVA for each genotype was performed for

peroxisome abundance, H,0, content, and yield from the growth chamber experiment.

Post-hoc means separation for significant ANOVA factor effects were performed using the Tukey
HSD test for genotypes, and LSD test for irrigation factor at the probability level of 0.05. Pearson

correlation analysis was carried out among variables evaluated using all the genotypes excepted La
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Molina and BGQ 352 for the field experiment. In the growth chamber experiment, Principal
Component Analysis (PCA) and Pearson correlation were calculated for heat or drought stress using
data from all genotypes. Combination of heat and drought abolished the yield in several genotypes
and for this reason data from this condition could not be included in the analysis. In addition, PCA
and Pearson correlation were performed for the genotypes Pison and QQ74 separately. This

experiment included the gene transcription data.

Field experiment data were analyzed with the R statistical programing language (R Core Team, 2015)
using the ‘agricolae’ package (de Mendiburu, 2017). Growth chamber data were analyzed using JMP
(version 8.0, SAS Institute, Inc., Cary, NC). Principal component analysis (PCA) and Pearson
correlation were performed using the R packages ‘FactoMinerR’ (Lé et al., 2008), ‘factoextra’

(Kassambara and Mundt, 2016), and ‘reshape2’ (Wickham, 2007).

Results

Field experiment

Different physiological and agronomical parameters were measured in eight genotypes of quinoa
that were grown in irrigated and non-irrigated plots during the hot season (Table 1; Fig. 1;
Supplementary Fig. S1; Supplementary Table S3). Soil moisture in the non-irrigated plots was lower
throughout the season (Fig. 1A). Chlorophyll fluorescence (Fv/Fm) was not significantly different
among genotypes (P = 0.22) or among treatments (P = 0.12) (Fig. 1B). On the other hand, stomatal
conductance was significantly lower in plants from the non-irrigated treatment (Fig. 1C). A dramatic
decline in the stomatal conductance in both treatments coincided with the highest temperatures of
July and August (Supplementary Fig. S1). Overall, drought did not affect leaf temperature,
chlorophyll fluorescence, or LGI, whereas plant height and yield were lower under drought
conditions relative to the irrigated controls (Supplementary Table S3). We found significant
differences among genotype for LGI, plant height, and yield, but not for the other parameters

(Supplementary Table S3).
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The genotype QQ74 attained the highest mean grain yield of 961.10 kg/ha under the irrigated
treatment, whereas BGQ 352 and La Molina did not produce any seeds in either the irrigated or the
non-irrigated treatments (Fig. 1D, Supplementary Table S3). As the reduction of yield under stress
conditions was not accompanied by changes in chlorophyll fluorescence, we tested the impact of
stress on ROS homeostasis by measuring H,0, content in leaves. Although mean H,0;increased
under stress conditions, we found significant variability among the genotypes: Japanese Strain,
17GR, BGQ 352, and 3 UISE accumulated more H,0, under non-irrigated conditions, Pison contained
more H,0, under irrigated conditions, and no significant changes were detected in Baer and QQ74

(Fig. 2A).

As reactive oxygen species promote peroxisome proliferation, we examined the correlation between
H,0, content and peroxisome abundance in leaves. We have previously shown that peroxisomes can
be labeled in cells and quantified in total extracts using the small fluorescent probe N-BODIPY
(Landrum et al., 2010; Fahy et al., 2017; Frick and Strader, 2018). However, this technique was not
yet used in quinoa. First, we tested the ability of N-BODIPY to stain peroxisomes in cells. As in other
systems, N-BODIPY stained peroxisome-like structures in quinoa leaves (Fig. 2B), which exhibit rapid
motions (Movie S1) as was shown for peroxisomes in Arabidopsis (Rodriguez-Serrano et al., 2014).
Measuring emission of N-BODIPY in a total leaf extract at 490 nm excitation produced the emission
spectrum with a maximum of 530 nm (Fig. 2C). No fluorescent signal was detected if protein extract
was used alone. Peroxisome abundance was higher in the non-irrigated treatment. The genotypes
Japanese Strain, 17GR, and 3 UISE had significantly higher peroxisome abundance under the non-

irrigated treatment (Fig. 2D). These genotypes also exhibited higher content of H,0, in leaves.

Pearson correlation between individual parameters revealed that peroxisome abundance correlated
positively with H,0, content and leaf temperature, and negatively with yield, LGI, plant height, and
stomatal conductance (Supplementary Fig. S4). Yield losses under stress in genotypes with elevated
(17GR, 3 UISE, Japanese Strain, BGQ 352) or normal (Baer) H,0, content suggests that oxidative
stress was not the sole factor responsible for yield losses. BGQ 352 and La Molina are not adapted to
the long-day photoperiod conditions found in Pullman. Consequently, both genotypes failed to
produce seeds in both the irrigated and non-irrigated treatments due to late flowering. For the
remaining genotypes, the flowering time in July coincided with a period of hot weather

(Supplementary Fig. S1A). Thus, heat could be one of the unaccounted factors for the yield loss in
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genotypes with efficient ROS homeostasis under drought. To examine the interaction between
drought and heat stress, we performed experiments under the controlled greenhouse or growth

chamber conditions.

Greenhouse and growth chamber experiment
Impact of stresses on photosynthesis and yield

We started by analyzing the impact of stresses on chlorophyll fluorescence parameters. The
maximum quantum efficiency of PSIl (Fv/Fm) and non-photosynthetic quenching (NPQ) were
affected by the combination of heat and drought, but not heat alone (Fig. 3A, C). The least affected
genotype was BGQ 352. In the course of the stresses, the Fv/Fm and NPQ values declined gradually
under the combination of heat and drought (Fig. 3B, 3D), whereas Fv/Fm was not affected by the

heat stress. Both parameters recovered after re-hydration.

Stomatal conductance, leaf temperature, and LGl were measured in all treatments with the
exception of the heat x drought combination as this treatment made leaves excessively frail (Fig. 3E,
Supplementary Table S4). Overall, both heat and drought caused reduction of stomatal
conductance, though the impact of drought was more pronounced. Stomatal conductance was not
affected by heat in Pison, QQ74, and 17GR (Fig. 3E). LGl was not significantly affected by the stress
treatments, but differences were observed among the genotypes. On the other hand, leaf
temperature was affected by each of the stress treatments, but no differences were detected among

the genotypes (Supplementary Table S4).

Each stress treatment caused significant yield reduction in all genotypes, albeit to a different degree
(Fig. 3F). The combination of drought and heat caused complete yield loss in all genotypes with
exception of Pison, QQ74, and 17GR. Notably, BGQ 352 did not produce seeds under drought and
heat stress despite steady Fv/Fm and higher NPQ values. Furthermore, similar changes of the
chlorophyll fluorescence parameters were accompanied by dramatically different yield in QQ74, La
Molina, Japanese Strain, and 3 UISE. This indicates that photosynthetic parameters alone are

insufficient for discriminating stress-tolerant genotypes in quinoa.
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Hydrogen peroxide and peroxisome proliferation

All stress treatments increased H,0, content in leaves, but the most profound increase was detected
in response to the heat x drought treatment (Fig. 4A). Analysis of the individual genotypes showed
the highest content of H,0, under the heat x drought treatment in all genotypes with the exception
of BGQ 352, La Molina, and 17GR (Fig. 4B). In agreement with the higher level of hydrogen peroxide,
all stresses promoted peroxisome proliferation on the population level and in the individual
genotypes (Fig. 4C, D). However, peroxisome abundance under the combination of heat and drought

was lower than heat and drought alone in all genotypes with exception of Japanese Strain.

As peroxisome abundance increased in response to all stresses, we determined the impact of
stresses on the transcription level of peroxisome proliferation factors. Analysis of the quinoa
genome revealed homologues of Arabidopsis genes known to function in peroxisome proliferation
(Fig. 5A). Specifically, we identified pairs of homoeologous genes (one gene from each quinoa sub-
genome; Supplementary Fig. S3) that share sequence homology with PEX11A (designated
CqPEX11A-1 and CqPEX11A-2), PEX11B (CqPEX11B-1 and CqPEX11B-2), PEX11C (CqPEX11C-1 and
CqPEX11C-2) (Lingard and Trelease, 2006; Lingard et al., 2008), FIS1A (CqFIS1A-1 and CqFIS1A-2),
DRP3A (CqDRP3A-1 and CgDRP3A-2), and PMD2 (CgPMD2-1 and CqPMD2-2) (Aung and Hu, 2011).
We identified three genes with homology to DRP3B (Lingard et al., 2008): two genes (CqDRP3B-2
and CgDRP3B-3) are homoeologous genes from each sub-genome, whereas the third gene
(CgDRP3B-1) appears to be a duplication of CgDRP3B-2. We also identified three genes with
homology to DRP5B (Zhang and Hu, 2010); however, further investigation indicated that one of the
genes (CqDRP5B-1) is homoeologous to the other two (AUR62027388 and AUR62027388), which
were incorrectly annotated and should be combined as a single gene (CqDRP5B-2; Supplementary

Fig. S3G) . We did not identify a homologue of PMD1.

We measured transcription of peroxisome biogenesis genes in genotypes QQ74 and Pison, which
showed strong peroxisome proliferation and produced seeds under all stresses in the field and
greenhouse situations. Transcription of CqPEX11A, CqPEX11B, CqDRP3A, and CqPMD2 remained
constant. CqPEX11B did not show a consistent response to stresses (Fig. 5B). CqPEX11C, CqFIS1A,
and CqDRP3B were up-regulated in response to the combination of heat and drought (Fig. 5B, C, D),
and CqPEX11C and CqFIS1A were also upregulated in response to drought in both genotypes (Fig. 5B,
C, D). Heat stress promoted transcription of CgPEX11C and CqFIS1A in QQ74. In Pison, transcription
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of both genes was already high under normal growth conditions (Fig. 5B, C, D). These data indicate
that (i) the classical PEX11-fission pathway contributes to proliferation of peroxisomes under
drought and the combination of heat and drought (Reumann and Bartel, 2016); and (ii) an
alternative pathway (e.g. by de novo formation) could plays a role in peroxisome proliferation under

heat stress.

Analysis of correlation between the traits

To examine the relationships between parameters evaluated under drought and heat stress in the
growth chamber and greenhouse experiments we performed Pearson correlation and PCA. The
correlation between yield and other parameters under combination of drought and heat could not
be analysed because five genotypes failed to produce seeds. Combined data from both stresses
showed negative correlation of peroxisome abundance with stomatal conductance and yield (r = -
0.68 and -0.59, respectively) and positive correlation with hydrogen peroxide content in leaves (r =
0.39) (Fig. 6A). There was a strong negative correlation between hydrogen peroxide content and soil
moisture, stomatal conductance, or yield (r =-0.81, -0.73, and -0.50, respectively). Finally, yield
values correlated positively with stomatal conductance and soil moisture (r = 0.62 and 0.51,
respectively; Fig. 6A). PCA of heat and drought stress individually showed that peroxisome
abundance correlated positively with hydrogen peroxide content and negatively with yield (Fig. 6B-

C).

Considering that genotypes Pison and QQ74 produced yield under all stress conditions, we could
analyse correlation of all traits with the transcription level of peroxisome fission genes. There
experiments showed significant correlation of hydrogen peroxide content in leaves with the
transcription of peroxisome biogenesis genes and with peroxisome abundance. In particular,
CqPEX11B transcription correlated positively with hydrogen peroxide content under heat stress (r =
0.88) (Fig. S5A). Under drought stress transcription of CqDRP3B and CqFIS1A correlated positively
with hydrogen peroxide (r = 0.85 and 0.83 respectively) (Fig. S5B). CqDRP3B and CqPEX11C
correlated positively with hydrogen peroxide content under the combination of heat and drought, (r
=0.68 and 0.79, respectively; Fig. S5C). Peroxisomes abundance correlated positively with hydroxide
peroxide content under all type of stresses with a r value between 0.46 to 0.99 (Fig. S5A-C).
Peroxisome abundance correlated positively with the transcription of peroxisome fission genes and

negatively with yield under all stresses.
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Discussion

Impact of stresses on H,0, content and peroxisome abundance

ROS play a dual role in stress response: low ROS levels initiate adaptation mechanisms (del Rio et al.,
2006; Corpas, 2015; del Rio and Lépez-Huertas, 2016; Raja et al., 2017; Corpas et al., 2017a; Corpas
and Barroso, 2018) whereas high ROS levels cause oxidative damage to cellular components, which
compromise plant viability (Foyer and Noctor, 2009; Sharma et al., 2012; Das and Roychoudhury,
2014; Mittler, 2017). In our experiments, all examined stress treatments caused a significant increase
in H,O, content in quinoa leaves. Furthermore, H,O, content in leaves correlated negatively with
yield. We also found a negative correlation between ROS content in leaves and yield under drought in
wheat varieties (Sanad et al., 2019). Together, these observations support the idea that ROS

accumulation in leaves can be used as an indicator of drought-susceptibility.

Although ROS accumulation and activity of ROS scavengers were used for evaluating stress-tolerance
(Foyer & Noctor 2009; Sharma ef al. 2012; Das & Roychoudhury 2014; Mittler 2017), measuring
H,0, in populations of hundreds individuals could be laborious. It has been hypothesized that
peroxisome abundance can be used as a proxy for ROS content (Smertenko, 2017). Here, we tested
this hypothesis by correlating peroxisome abundance with H,O, accumulation and other traits. In
quinoa, peroxisome abundance in leaves increased in response to drought, heat, and the heat x
drought treatment. Furthermore, peroxisome abundance correlated positively with H,O, content in
leaves and negatively with yield. Peroxisome proliferation was shown to be induced by soil salinity
(Mitsuya et al., 2010; Fahy et al., 2017), light ( Lopez-Huertas, Charlton, Johnson, Graham & Baker
2000; Ferreira, Bird & Davies 1989; Desai & Hu 2008), ozone (Oksanen E. et al., 2004), and cadmium
treatments (Rodriguez-Serrano et al., 2016; Corpas et al., 2017b). Our findings support the notion

that peroxisome abundance can be used as a cellular indicator of drought and heat stress response.

Peroxisome proliferation and peroxisome biogenesis genes

New peroxisomes can form de novo from the ER or through fission of existing peroxisomes (Hu et al.,
2012; Cross et al., 2016). While we still lack reliable markers of the de novo mechanism, the markers
of fission are known. In Arabidopsis thaliana, peroxisome fission depends on PEX11, which is

encoded by a family of five genes, PEX11A-E, that can be divided into three subfamilies, PEX11A,
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PEX11B, and PEX11C-E (Lingard and Trelease, 2006; Orth et al., 2007; Lingard et al., 2008). PEX11
works together with FIS1A, FIS1B, DRP3A, DRP3B (Lingard et al., 2008), DRP5B (Zhang and Hu, 2010)
and PMD1 (Aung and Hu, 2011). The quinoa genome contains homologues of known peroxisome
fission factors: three PEX11 genes (PEX11A-C), three DRPs (DRP3A, DRP3B, and DRP5B), and two
FIS1. The lack of PMD1, but presence of PMD2 homologue, which in Arabidopsis localizes to
mitochondria and functions mitochondria fission (Aung and Hu, 2011), suggests that PMD1-

dependent peroxisome fission pathway is not conserved in other species.

Analysis of the PEX11 family members in A. thaliana shows functional specialization. PEX11A plays
an important role in the formation of peroxisome extensions, known as peroxules, under heavy
metal stress in A. thaliana (Rodriguez-Serrano et al., 2016). Transcription of PEX11A and PEX11C
increases under salt-stress in wild-type A. thaliana (Col-0) but not in the salt-susceptible mutants
(Fahy et al., 2017). Transcription of PEX11 genes was also up-regulated by drought Arabidopsis and
wheat (Ebeed et al. 2018; Li and Hu 2015). In our experiments, CqPEX11C and CqFIS1A transcripts
were up-regulated in both genotypes examined (Pison and QQ74) under drought and the
combination of heat and drought. Principal component analysis demonstrated a positive correlation
between CqPEX11C transcription and peroxisome abundance and a negative correlation with yield
under combination of heat and drought stress. CqPEX11A and CqPEX11B transcripts remained
unaffected by the combination of heat and drought, though PEX11B was up-regulated by drought in
QQ74. Our data point out that: (i) quinoa PEX11 gene family members have distinct organ-specific
transcription and play different roles in response to stresses; and (ii) transcription of PEX11C and
FIS1A correlates with higher peroxisome abundance under the drought or combination of heat and

drought stress.

The combination of heat and drought caused the highest transcription levels of FIS1A, DRP3B, and
PEX11C; however, peroxisome abundance appeared lower than under drought or heat alone.
Assuming that transcription level of these genes represents the activity of the peroxisomal fission
machinery, this indicates that the higher rate of peroxisome proliferation under the combination of
heat and drought is compensated by the higher rate of peroxisome degradation. Damaged
peroxisomes are eliminated by a specialized type of autophagy named pexophagy (Farmer et al.,
2013; Shibata et al., 2013). Consequently, cells of Arabidopsis autophagy mutants atg5-1 contain

more peroxisomes (Yoshimoto et al., 2014; Fahy et al., 2017).
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Reduced peroxisome abundance under the combination of drought and heat stress could be the
consequence of higher autophagic flux. Increasing autophagic flux is known to cause better fitness in
response to stresses including oxidative stress (Minina et al., 2018). Whether autophagy plays a role
in drought adaptation remains unknown; however, survival of drought and heat together may
require much higher autophagic flux than each stress alone. Alternatively, the activity of the fission
machinery may not be the peroxisome proliferation rate-limiting factor. This factor could be
unstable under the heat and drought stress or be produced at lower levels. Inability to maintain
peroxisome abundance and H,O, content could be the reasons for the dramatic yield losses under

these circumstances.

Correlation of physiological parameters and peroxisome abundance with seed yield

Although quinoa is adapted to marginal environments, its yield can be diminished by high
temperature (Bhargava et al., 2006; Pulvento et al., 2010; Hirich et al., 2014; Peterson and Murphy,
2015; Bazile et al., 2016b; Eisa et al., 2017; Lesjak and Calderini, 2017; Hinojosa et al., 2019) or
drought (Walters et al., 2016; Al-Naggar et al., 2017). However, warm temperatures (28/20°C) were
shown to increase plant height, photosynthesis rate, stomatal size, and seed yield in quinoa (Yang et
al., 2016; Becker et al., 2017). The yield losses from heat and drought could be reduced through
breeding tolerant varieties. Existing quinoa germplasm contains useful stress-tolerance traits. For
example, genotypes Red Head and Salcedo produced higher seed yield than Cherry Vanilla at 35/29
°C (day/night) relative to the control conditions 20/14°C (Bunce, 2017). We also found significant
yield losses in all genotypes in the field experiments despite many genotypes maintained ROS
homeostasis, as evident from the measurements of the ROS content and peroxisome abundance
(Figure 2 A,D). These findings highlight (i) susceptibility of all analyzed germplasm to these stresses;
(ii) complexity of the stress-tolerance trait; and (iii) importance of using diverse parameters for

assessing stress responses.

Out of eight genotypes, QQ74 and Pison performed consistently better relatively other genotypes
under stress in the field and the greenhouse conditions. In agreement with our findings, QQ74
produced the highest yield amongst all tested varieties during warm summer in Pullman in 2011
(Peterson and Murphy, 2015). These genotypes could be used as the starting material for breeding

varieties with better performance under combination of heat and drought.
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PCA demonstrated the positive correlation of stomatal conductance with yield. We found that
stomatal conductance was profoundly reduced in all genotypes under drought stress, whereas heat
stress had a less significant impact. In Pison, QQ74, and 17GR, stomatal conductance was not
affected by heat stress. Opened stomata at high temperature (40/24 °C day/night) in QQ74 and
17GR cool the leaves through transpiration (Hinojosa et al., 2019). High temperature caused
stomatal opening in quinoa cultivars ‘Titicaca’ and ‘Achachino’, and in other species such as Lens
culinaris, Hordeum vulgare, Nicotiana tabacum, and Arabidopsis thaliana (Rizhsky et al., 2002, 2004;

Yang et al., 2016; Cantalapiedra et al., 2017; Sehgal et al., 2017; Becker et al., 2017).

Stomatal closure under drought and heat stress can reduce photosynthesis rate (Reddy et al., 2004;
Wahid et al., 2007; Hasanuzzaman et al., 2013). Higher stomatal conductance is related with the
highest photosynthesis rate in quinoa (Gonzalez et al., 2011). Chlorophyll fluorescence parameters
such as Fv/Fm and NPQ are commonly used for evaluating abiotic stress (Sharma et al., 2015; Zhou
et al., 2015, 2018). Overall, we found a positive correlation between chlorophyll fluorescence
parameters (Fv/Fm and NPQ) and yield. However, heat stress did not inhibit the Fv/Fm in all
genotypes evaluated, as reported in Arabidopsis (Rizhsky et al., 2004). On the contrary, NPQ seems

to be a genotype-dependent parameter.

LGl indicates leaf chlorophyll content (Richardson et al., 2002). The ability to maintain higher
chlorophyll content (the stay-green trait) associated with heat tolerance in wheat (Cossani and
Reynolds, 2012), and LGI was proposed as a high throughput measure to screen wheat germplasm
under heat conditions (Ristic, Bukovnik & Prasad 2007). However, LGI correlated negatively with
drought tolerance in potatoes (Rolando et al., 2015; Ramirez et al., 2015). In our experiments in both
the field and in the greenhouse LGI was not influenced by heat or drought and poorly correlated
with the yield. Perhaps, the relatively short exposure to the stresses (five days) was insufficient to

induce significant changes.

Peroxisome abundance correlated positively with ROS content, but both parameters correlated
negatively with yield. Moreover, peroxisome abundance and ROS content increased under all types
of stress. As the accumulation of ROS and peroxisomes are symptomatic of oxidative stress, we
conclude that all genotypes in our study have poor ability to maintain ROS homeostasis under stress.

However, the genotypes QQ74 and Pison performed better than the other six genotypes under the
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combination of heat and drought stress in both field and greenhouse conditions. Consistent with this
conclusion, drought and the combination of heat and drought caused significant yield losses in the
greenhouse experiments. Accumulation of ROS could be the consequence of stomatal closure, which
prevents CO, uptake. This suggests that breeding varieties with more efficient ROS scavenging could

be an effective strategy to prevent yield losses in quinoa production in arid climates.
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Tables

Table 1. Eight quinoa genotypes evaluated in the field and the growth chamber experiments under
abiotic stresses.

Name Pl number USDA Seed source Origin

QQ74 Pl 614886 USDA Maule — Chile

Pison Ames 13746 USDA NA

Japanese Strain NSL 92331 USDA NA
Baer Pl 634918 USDA Cajon — Chile

3 UISE Ames 13756 USDA NA

17GR Ames 13735 USDA NA

BGQ 352 - Germplasm Bank “La Peru

Molina”
La Molina - Mario Tapia (Peru) Peru

This article is protected by copyright. All rights reserved.



Figures legends

Figure 1. Impact of stress on the agronomical and physiological parameters of eight
quinoa genotypes in field experiments.

A, Soil moisture content.

B, Chlorophyll fluorescence on day 27-July-2016 (no significant difference was
found).

C, Stomatal conductance measured at four time points.

D, Impact of drought stress on yield.

Data are presented as means (#SE, n = 4). Points with “¥” are statistically
different at P < 0.05; points with “#%” are statistically different at P<

0.01). Irrigated: heat stress only. Non-irrigated: combined stresses (heat X

drought).

Figure 2. Hydrogen peroxide content and peroxisome proliferation in quinoa leaves

from field experiment under irrigated and non-irrigated conditions.

A, Average hydrogen peroxide content in all genotypes (left) or in individual

genotypes (right) ( “La Molina” genotype was not recorded).
B, Peroxisomes in a leaf pavement cell stained with N-BODIPY. Scale bar 5 um.

C, Emission spectra at 480 nm excitation of total quinoa leaf extract incubated

with 5 uM N-BODIPY (blue) or with water (red).

D, Average leaf peroxisome abundance of all genotypes (left) or in individual

{3

genotypes (right). Data are presented as means (£SE, n = 4). Columns with “*

<« »

and k%~  are statistically different at the P< 0.05 and P< 0.01 levels,

respectively.

Figure 3. Impact of stresses on photosynthesis, stomatal conductance, and yield.

Aand C, Maximum quantum efficiency of PSII (Fv/Fm) and non—photosynthetic
quenching (NPQ) on the fifth day of stress;

B and D, Average of Fv/Fm and NPQ in all quinoa genotypes through five days of
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the stress and two days of recovery.

E, Stomatal conductance in the fifth day of stress. Measuring stomatal
conductance in plants under combination of heat and drought stress was not
feasible because leaves became frail.

F, Yield per plant.

[ {3

Data are presented as means (#SE, n = 4), the points with “*” has a statistical

»

difference (P< 0.05) and the points with “*%” has a statistical difference (P <
0.01). Different letters had significant difference (P< 0.05) using Tukey HSD

test between the treatments

Figure 4. Impact of stresses on H,O, content and peroxisome abundance.
A, B, Hy05 content in the population (A) and individual genotypes (B).
C, D, Peroxisome abundance in the population (C) and individual genotypes (D).

Error bars represent standard error (n = 4), different letters indicate

significant difference between the values (P < 0.05).

Figure 5. Impact of stresses on the transcription of peroxisome biogenesis genes.

A, Phylodendrogram of peroxisome fission factors PEX11A and DRPs from Chenopodium
quinoa (Cq), Arabidopsis thaliana (At), Homo sapiens (Hs), and Drosophila melanogaster
(Dm) B, Heat map of FIS1A, DRP3B, PEX11B, and PEX11C transcription in Pison and

QQ74 under control, drought, heat and their combination.

Figure 6. Pearson correlations and principal component analyses.

A, Pearson correlation matrix for the parameters evaluated in all the stress
conditions.

B-D, Principal component analysis (PCA) biplot using all parameters evaluated
under drought (B),heat (C), and the combination of heat and drought (D).

Plant height (P. Height), soil moisture (S. moist.), peroxisome abundance (PEROX),
soil temperature (S. Temp.), leaf temperature (Leaf temp.), and stomatal

conductance (St. Conductance).
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