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ABSTRACT

Background Coffee ranks among the most popular beverages in the world and is considered an important global commodity,
contributing substantially to the economies of many developing nations. Coffee beans are mainly harvested from two species
of coffee plants, Coffea arabica and Coffea canephora, of which the former species produces beans which are almost
universally considered to be superior due to their rich and balanced flavour. C. arabicais also known to be less resistant to
disease and more sensitive to climatic variables such as temperature, precipitation, and oxygen availability, each of which vary
with altitude.

Methods To better understand the impact of altitude on coffee plants, we performed a comprehensive proteomic
comparison of two distinct cultivars of C arabica, the high-altitude cultivar Rwanda Shyira (RS) and the lower-altitude cultivar
Brazil Flor de Ipe (BFDI), using liquid chromatography MS/MS analysis.

Results Weidentified a total of 531 proteins, five of which - translation elongation factor 1-y (EF1y; AT1G57720), an NB-
ARC domain-containing disease resistance protein (AT4G27190), fibrillarin 1 (AT5G52470), a pyruvate kinase family protein
(AT3G52990), and a NAD(P)-binding Rossmann-fold superfamily galactose/glucose isomerase (AT2G33590) - exhibited
statistically significant differences (7 <0.05) in expressional intensity between the two cultivars. Notably, all of these proteins
were expressed at a higher intensity in RS except for the NAD(P)-binding Rossmann-fold superfamily protein, which was
higher in the BFDL

Conclusions We propose that heightened expression of EF1y in the RS cultivar may decrease the concentration of bitter
flavonoids, thereby contributing to the improved flavour which is often noted among high-altitude coffee cultivars.
Simultaneously, expressional intensity differences identified for the remaining four proteins may correspond to adaptations
to cold, hypoxic, and disease stressors at different altitudes and in distinct geographic niches. Overall, substantial proteomic
differences were identified between the two elevations, providing greater understanding of the effects of altitude on the C.
arabicaplant and the coffee produced from it, which has implications for the global market.

KEY WORDS: Coffee, Proteomics, Mass Spectrometry, Coffea arabica, Altitude Adaptation, Disease Resistance,
Coffee Bean Flavour

1 | INTRODUCTION per annum (Livramento et al., 2017; United States Department

. . . of Agriculture, 2022). In the developing world, coffee is the

Coffee is considered to be one of the world's most popular . . .
) ) L second most important commodity following petroleum, and

beverages, and its production, transport, and consumption is a .. . . .
. . although coffee is primarily consumed in developed countries,
major contributor to the global economy. In 2022, global .. . . .
) . . it is harvested and processed almost exclusively in developing
production of coffee beans, harvested primarily from the crops . . . .
countries under a wide array of environmental conditions

(Livrtamento et al, 2017; Talbot, 2004; United States
Department of Agriculture, 2022).

of Coffea arabicaand Coffea canephora (also known as Coffea
Robusta), is estimated to have reached about 1.04 x 10" kg,
amounting to a staggering average of roughly 1.3 kg per capita
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Coffee beans harvested from C arabica are almost
universally considered to have a stronger, richer, and more
balanced taste as compared to the bitter C canephora,
consequently accounting for an estimated 55-70% of coffee
production worldwide (Livramento et al., 2017; Olechno et al.,
2021; United States Department of Agriculture, 2022).
Unfortunately, C. arabica plants are simultaneously much
more sensitive to disease and climatic conditions (Daviron &
Ponte, 2005), meaning that the impact of these conditions on
C arabicawarrants further investigation for the optimization
of coffee production.

Itisgenerally agreed that coffee produced from plants
grown at higher altitudes has superior taste. This is thought to
be the result of climatic conditions that result from higher
elevation, primarily lower temperature, as well as lower
precipitation and higher humidity, and possibly lower oxygen
availability and sunshine hours, rather than as a direct result of
higher elevation itself (Avelino et al., 2005; Decazy et al., 2006;
Joét et al., 2010; Vaast et al., 2005). Although each of these
factorslikely plays at least some role, the prevailing hypothesis
is that delayed ripening of the beans due to decreased
temperatures results in prolonged accumulation of flavour
precursors such as sugars, flavonoids, trigonelline, and
chlorogenic acids; as a result the beans have a richer and less
bitter flavour (Bertrand et al., 2006; Livramento et al., 2017;
Vaastetal., 2005).

Although the direct effects of environmental
conditions on flavour are undoubtedly substantial, proteomic
differences between cultivars resulting from prolonged
adaptation to distinct climatic niches are also likely to play a
major role in various metabolic processes that underlie certain
aspects of coffee plant and thus bean quality. These include
disease resistance, homeostatic adjustments to environmental
conditions, and possibly synthesis or catabolysis of flavour
precursors. Despite the importance of the coffee industry to
the global economy, relatively few proteomic studies
comparing coffee cultivars or even Coffea species have been
conducted (Garrett et al, 2013; Livramento et al., 2017;
Marques et al., 2022). Although the chemical differences
between cultivars growing at different altitudes have been
studied extensively (Avelino et al., 2005; Decazy et al., 2006;
Pereira et al., 2020; Worku et al., 2018), we are aware of only
one study investigating the effects of altitude on C arabica
bean proteomics. In this study, the authors compared beans
harvested from relatively similar altitudes at the same
Brazilian plantation and found virtually no explainable
proteomic differences attributable to elevation or elevation-
driven environmental parameters (Livramento et al., 2017).

Proteomic Analysis of Higher and Lower Altitude Cultivars of Coffea arabica

In this study, we take advantage of the substantial
improvements in MS/MS technology, computational power,
and proteomic database availability that have occurred in
recent years to perform a comprehensive comparison of the
proteomes of C arabica beans harvested from two highly
distinct cultivars. Specifically, the Rwanda Shyira (RS) cultivar
grown at high elevation in the Nyabihu district of Western
Rwanda, and the Brazil Flor de Ipe (BFDI) cultivar grown at
comparatively low elevation in the Minas Gerais province of
Southeastern Brazil. Here we report the first instance of a
proteomic difference which could be linked to the superior
taste of high-altitude C arabica, as well as several major
differences which imply adaptation of the RS cultivar of C
arabica to abiotic and biotic stressors resulting from high
elevation - including hypoxic, cold, and disease stresses.

2 | METHODS

2.1 Protein Extraction

C. arabica beans obtained from Roasti Coffee Co
(Sherwood Park, AB) were frozen with liquid nitrogen and
ground into a fine powder using a mortar and pestle. Each
biological replicate consisted of approximately 10 beans
ground into 100 mg fractions (n = 3). Proteins were extracted
using 1:3 (w/v) tissue to extraction buffer containing 50mM
Tris-Cl (pH 8.0), 4% SDS in HPLC-grade water. DTT was added
toeach sample toa final concentration of 10 mM. Samples were
vortexed and incubated on a heat block for 10 minutesat 95 °C.
Samples were centrifuged at maximum speed for 5 minutes at
room temperature, and the supernatant was then transferred
to a fresh 1.5 mL Eppendorf tube. Samples were centrifuged
again for 5 minutes at room temperature, and the supernatant
was transferred again to a fresh 1.5 mL Eppendorf tube to
ensure no particulates. Samples were diluted 1:5 sample to
water to ensure SDS was diluted enough to be compatible with
the Bradford assay. A Bradford assay was performed on the
samples to determine protein concentrations (R = 0.991; data
not shown). This allowed us to normalize the sample volumes
to 250 uL with extraction buffer (50mM Tris-Cl (pH 8.0), 4%
SDS in HPLC-grade water) so that there was a maximum
protein concentration of 100 ug. 10 mM DTT was added to
each sample, vortexed, and incubated for 10 minutes at room
temperature. Samples were alkylated with 30 mM
iodoacetamide and incubated for 30 minutes in the dark at
room temperature. Samples were digested overnight with
1:100 sequencing grade trypsin (V5113; Promega) to make
proteome peptide pools. The peptide pools were then acidified
with formic acid to a concentration of 5% (v/v), and were then
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Table 1: Environmental and Bean-Specific Parameters pertaining to the two investigated unroasted bean cultivars of Coffea arabica.

Brazil Flor de Ipe Rwanda Shyira
Parameter:
ameters (BFDY) ®S)
Sul de Mi Shyi
Region of Origin swideunas, S
. Minas Gerais, Brazil Nyabihu District, Rwanda
Environmental
Parameters Altitude (m above sea level) 1100-1150 1850-2300
of Growing Region Oxygen Availability (% sea level) 88 77-81
(Kabirigi et al., 2015; Roasti Coffee . o
Co,2023; WorldData.info, 2023a, Daytime Temperature Range (°C) 26-30 15-18
2023b) Annual Precipitation (mm) 1500-1800 1100-1600
Relative Humidity (%) 63-78 68-86
Sunshine (h/day) 5.5-7.7 4.2-7.8
Yellow Bourb
Bean-specific Parameters Varietal etowBourbo, Red Bourbon
Caturra
(Roasti Coffee Co, 2023)
Collection Process Natural Washed

dried by vacuum concentrator. Peptides were desalted using
ZipTip C18 pipette tips (ZTC18S960; Millipore). The peptides
were dissolved in 3% acetonitrile (v/v), 0.1 % TFA (v/v) and
eluted with 60% acetonitrile (v/v), 0.1 % TFA (v/v). Samples
were dried by vacuum concentrator prior to LC-MS/MS
analysis.

2.2 Liquid Chromatography MS/MS

C. arabica peptides were analyzed using a Fusion
Lumos Orbitrap mass spectrometer (Thermo Scientific) with
data-independent acquisition (DIA). Unlike data-dependent
acquisition (DDA), DIA allows for fragmentation and
subsequent analysis of all peptides, which means there is no
bias for proteins with a certain mass to charge (m/z) intensity.
For each replicate, 2 ng of the re-suspended peptide was
injected using Fasy-nL.C 1200 system (LC140; Thermo and an
Acclaim PepMap 100 C18 trap column (Cat# 164750; Thermo
Scientific) followed by a 15 cm Easy-Spray PepMap C18
analytical column (ES906; Thermo Scientific) warmed to 50°C.
Peptides were then eluted at 1.2 nL/min with a segmented
solvent B gradient of 0.1 % (v/v) FA in 80 % (v/v) ACN (A998,
Fisher) from 4 to 41 % solvent B (0 - 21 min). The FAIMSpro
was used with a fixed gas flow of 3.5 L/min with a CV setting of
-30, -50, -70. A positive ion spray voltage of 2.3 kV was used
with an ion transfer tube temperature of 300°C and an RF lens
setting of 40%. All precursor signals were recorded in the
Orbitrap using quadrupole transmission in the mass range of
300-1,500 m/z. Spectra were recorded with a resolution of
120,000 at 200 m/z, a target value of 4ES5 and the maximum
cycle time was set to 3s. Precursor signals were selected for
fragmentation with a charge state from +2 to +7 and a signal
intensity of at least 1E4. A dynamic exclusion list was used for
30s, and maximum parallelizing ion injections were activated.

Data-dependent MS/MS were recorded in the Orbitrap using
quadrupole isolation with a window of 2 Da and higher-energy
(HCD)

C-trap dissociation fragmentation with 30%

fragmentation energy.

2.3 Mass Spectrometry Data Analysis

Raw data was processed using MaxQuant software
version 1.6.14.0 (15; http://www.maxquant.org/). At the time
of writing there has not been a publicly available C. arabica
proteome sequenced. We instead searched our MaxQuant
output against the C, canephoraproteome (http://www.coffee-
genome.org/). Carbamidomethylation of cysteine residues was
inputted as a fixed modification (it will be present), while
oxidation of methionine was included as a variable
modification (it may or may not be present). The fixed
modification accounts for cysteine residue interacting with
iodoacetamide, while the variable modification allows us to
increase our search space of potential sequences for
methionine as it can be readily oxidized. We then performed
further analysis with Perseus software v2.0.10.0 (16;
https://maxquant.net/perseus/).
contaminants were removed, resulting in 531 hits. We

Reverse hits and

performed alog2(x) transformation to determine fold-change
between protein expressions. We further filtered based on
proteins that had measurements above the detection threshold
in at least 3 of the samples across both test groups, resulting in
71 hits. Doing this ensured that threshold values were present
inmultiple samples and not individual unique events. Data was
then median normalized, and imputed with a normal
distribution function.

We then performed a one-way ANOVA followed by
unpaired Student's T-tests on these 71 hits. 5 of these had p-
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values <0.05, which we considered as the threshold for
statistical significance.

2.4 Bioinformatics
After obtaining significant hits, we queried the fasta
against  the C
(http://www.coffee-genome.org/) to obtain their complete
protein sequences. We then BLASTed these protein sequences
in Phytozome (Goodstein et al., 2012) against Arabidopsis
thaliana Araport11 to obtain AGI locus codes. It is important
to note that sequence similarity does not always translate to

headers canephora  proteome

exact function, but the number of resources for the C
canephora proteome is limited as it has not been sequenced
nearly to the extent of A. thaliana. The AGllocus codes allowed
us to utilize resources such as TAIR (Berardini et al., 2015) to
determine gene ontology, molecular functions of the proteins
and the developmental stages in which proteins are expressed.
Predicted subcellular localization information was obtained
using SUBAS (Hooper et al., 2022) and Ensembl (Cunningham
etal., 2022). All figures were made using GraphPad Prism 9.3.1.

3 | RESULTS

We selected coffee beans harvested from two C
arabica cultivars, Rwanda Shyira (RS) and Brazil Flor de Ipe
(BFDI), which were grown in two regions with considerable
differences in altitude and, as a result, several environmental
variables including temperature, precipitation, humidity,
oxygen availability, and sunshine hours (Table 1). Following
MS/MS we identified a total of 531 proteins, five of which
exhibited statistically significant differences in expressional
intensity between the RS and BFDI cultivars (Figure 1). These
proteins have various molecular functions related to flavour
precursor turnover and responses to both biotic and abiotic
stressors such as cold, hypoxia, and disease (Table 2).

The highest difference in expressional intensity was
observed for an NB-ARC domain-containing disease resistance
protein (AT4G27190), which had significantly higher
expression in RS relative to BFDI (p = 0.0027; Figure 1B). This
homolog was identified by performing a BLAST search with
NB-ARC domain-containing protein (Cc00t22090.1),
identified via coffee genome hub (see Table 2), against the
A.thaliana proteome, and was selected because it had the
highest query coverage (74%) and identical molecular function.
Localized to the cytosol and plasma membrane, NB-ARC is
composed of three key domains: a nucleotide-binding (NB)
domain, and two ARC domains, ARC-1 and ARC-2, which are
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Figure 1: Differences in expressional intensity of proteins with the
highestidentified expression variability between Coffea arabicacultivars
Rwanda Shyira (RS) and Brazil Flor de Ipe (BFDI). Significant differencesin
expression between RS (brown) and BFDI (green) were identified for
Translation Elongation Factor 1-y (AT1G57720; A), an NB-ARC Domain-
Containing Disease Resistance Protein (AT4G27190; B), Fibrillarin 1
(AT5G52470; C), Pyruvate Kinase Family Protein (AT3G52990; D), and an
NAD(P)-Binding Rossmann-fold Superfamily Protein (AT2G33590; E),
while the difference in expression of Galactose-Mutarotase-like Superfamily
Protein (AT3G47800; F), despite being the next highest of all proteins
queried in this study, was not statistically significant. Proteins with
statistically significant differences in expression were identified using a one-
way ANOVA followed by unpaired Student's T-tests using Perseus v2.0.10.0,
with p < 0.05 indicating statistical significance. Bars represent the mean
values of three biological replicates, shown as points about the mean, while
error bars indicate standard error of the mean of these replicates.
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well conserved across plant species (Hooper et al., 2022; van der
Biezen & Jones, 1998; Van Ooijen et al., 2008). The ARC
domains have been found to regulate several important
proteins, from which they received their name: apoptotic
protease-activating factor-1 (APAF-1), R proteins, and
Caenorhabditis elegans death-4 protein (CED-4; Takken et al.,
2006; Van Ooijen et al., 2008)). NB-ARC is also an ATPase
domain (Van Ooijen et al., 2008).

The second highest difference in expressional
intensity was observed for the gamma chain of translation
elongation factor 1 (EF1-y; AT1G57720), which had
significantly higher expression in RS relative to BFDI (p =
0.0289; Figure 1A). In addition to its canonical roles in
translation, EF1-y is known to be involved in copper ion
binding through an as-of-yet unidentified motif (Kung et al.,
2006) and, interestingly, contains a glutathione-s-transferase
(GST) domain (Koonin et al., 1994). Indeed, EF1-y functions as
asoluble cytosolic GST in several species of plants, and rice

Proteomic Analysis of Higher and Lower Altitude Cultivars of Coffea arabica

EF1-y was also shown to produce GST activity when expressed
ectopically in Escherichia coli (Jain et al., 2010; Kobayashi et
al., 2001).

A smaller but significant difference in expressional
intensity was also observed for fibrillarin 1 (AT5G52990),
which had higher expression in RS relative to BFDI (p= 0.007;
Figure 1C). Fibrillarin is a highly conserved methyltransferase
involved in processing of primary ribosomal transcripts, and is
pivotal for ribosome biogenesis (Rodriguez-Corona et al.,
2015). Fibrillarin is a core component of the small nucleolar
ribonucleoprotein (snoRNP) that methylates rRNA (Tollervey
et al., 1993) and is also involved in early steps of ribosomal
transcription initiation (Yildirim et al., 2013). It is primarily
localized in the fibrillar center and dense fibrillar component
of the nucleoli where active rDNA transcription and rRNA
processing take place, and is also found in Cajal bodies in the
cell nucleus.

Table 2: Proteomic Data Pertaining to Five Proteins with Significant Variation in Expressional Intensity between Coffea arabica cultivars Rwanda Shyira (RS)

and Brazil Flor de Ipe (BFDI)
FASTA header for
C. canephora AGI Subcellular
% coverage i
[Coffee Genome Hub] of ve t_ife NCBI Accession Top BLAST hit for [Phytozome] M'I(?lecular Fu1'1c't1ons Localization
MaxQuant pep No. (NCBI) A. thaliana (Goodstein etal, [ AIR] (Berardinietal., [SUBAS]
(Cox & Mann, 2008) sequences 2012, 2019)
Perseus ) (Hooper et al., 2022)
(Tyanovaetal., 2016)
Cc00t22090.1 NB-ARC domain- ADPbinding,
. .. . . Cytosol, plasma
NB-ARC domain- 2.6 CDP20838 containing disease AT4G27190 regulation of APAF-1,R membrane
containing protein resistance protein. proteins and CED-4
C L
Cc10t09370.1 Translation Copper ion binding m'toc};lt(())lsl(;;'on
i i
Elongation factor 34.7 XP_027093104 elongation factor AT1G57720 glutathione transferase vacuole. cellw ali
1-gamma 2 EF1, gamma chain (GST) activity ’ ’
plasma membrane
RNA binding,
Cc02t02560.1 histone H2AQ104
A methyltransferase
Mediator of RNA activity. mRNA
o iy,
l\ II 6.1 XP_027103727.1 Fibrill 1 AT5G52470 Nucl
po ym'erase . o ibrillarin binding, rRNA ucleus
transcription subunit
B methyltransferase
36a-like .
activity, sSnoRNA
binding
mRNA binding,
Cc02t10330.1 ) magnesium ion
X Pyruvate kinase o R .
Pyruvate kinase 1, 29.6 XP_027111400.1 family protein AT3G52990 binding, potassium ion Plastid, cytosol
cytosolic yP binding, pyruvate
kinase activity
oxidoreductase activit Nucleus, cytosol,
Cc00t08940.1 NAD(P)-binding xadoredt ey ucleus, cyto
. . (acts on CH-OH group mitochondrion,
Epimerase domain- 329 CDP19334.1 Rossmann-fold AT2G33590 .
e e o superfamily protein of electron donors, NAD plastid, plasma
i i U i
= g U1 or NADP as acceptor). membrane
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Another small but
expressional intensity was observed for pyruvate kinase 1

significant difference in

(AT3G52990), a cytosolic enzyme which was the only protein
identified in our dataset to have higher expression in BFDI
relative to RS (p = 0.0205; Figure 1D). The cytosolic pyruvate
kinase (cPK) is a critical glycolytic enzyme which catalyzes the
transfer of phosphate from phosphoenolpyruvate (PEP) to
ADP for the synthesis of ATP during glycolysis (Wulfert et al.,
2020). In addition to their roles in cellular energy homeostasis,
different isoforms of cPKs are known to be differentially
regulated by allosteric effectors, and have different enzyme
subgroup associations and expression patterns in A. thaliana
(Wulfert et al., 2020).

A substantial difference in expression was also
identified for an NADP-Binding Rossmann-fold superfamily
protein (AT2G33590), which had higher expressional
intensity in RS relative to BFDI (p = 0.0334; Figure 1E).
Primarily localized to the cytosol, this protein contains
domains involved in the catabolic processing of galactose to
glucose. Interestingly, another protein in our dataset, which
was identified to have only a slight (not statistically significant)
difference in expression between RS and BFDI (p = 0.081;
Figure 1F), is a galactose mutarotase-like superfamily protein
(AT3G47800) which is also involved in the -catabolic
conversion of galactose to glucose (Berardini et al., 2015;
Hooper et al., 2022; Thoden et al., 2001).

4 | DISCUSSION

4.1 Increased expression of elongation factor 1-y in the high-
altitude C. arabica cultivar Rwanda Shyira may suggest a novel
explanation for the superior taste quality of high-altitude
coffee.

Glutathione-s-transferases (GSTs) such as EF1- y are
responsible for the transfer of glutathione groups to
xenobiotic compounds with the intent of decreasing toxicity,
promoting further metabolism, or directly facilitating the
excretion of the targeted compound (Hayes et al., 2004).
Interestingly, GST concentration and activity has been shown
to increase in the saliva of individuals fed with diets rich in
coffee, which contains flavonoids, and broccoli, which
contains isothiocyanates (Sreerama et al., 1995). This implies
that GST's might be responsible for the detoxification of these
compounds in human saliva (Sreerama et al., 1995). Several
GSTs participate in the detoxification of isothiocyanates in
Drosophila melanogaster, while in the taste buds of Rattus
norvegicus GSTs are localized to Type II cells - which are
known to be involved in the detection of bitter, umami and
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sweet molecules, providing further support for a role for GST's
in the detection and detoxification of bitter compounds across
several species (Gonzalez et al., 2018; Schwartz et al., 2023).
Detoxification of bitter or otherwise unpleasant-tasting
compounds in the taste buds is adaptive not only due to the
reduction of toxicity, but also because the decreased
concentration of the free molecule results in decreased binding
to bitter molecule receptors. The lack of a strong bitter
sensation indicates to the organism that the consumed amount
of the bitter food is tolerable. In contrast, a strong bitter taste
may indicate that binding to receptors remains high because
detoxification enzymes have been saturated, suggesting that
the consumed dose is unacceptable and could be toxic (Dagan-
Wieneretal.,2019; Gonzalez et al., 2018; Schwartzetal., 2023).
This phenomenon has been described extensively for Proline
Rich Proteins (PRPs), which are present in saliva and are able to
bind and sequester polyphenols - simultaneously detoxifying
them and reducing their free concentration, which has the
effect of reducing their binding to bitter taste receptors
(Matsuo, 2000).

Recently, Schwartz et al. found that GSTs are able to
bind isothiocyanates and flavonoids, as well as caffeine. The
authors further demonstrated that GSTs are able to transfer
glutathione to isothiocyanates in ex vivo human saliva
samples, but whether this same mechanism extends to
flavonoids remains to be elucidated (Schwartz et al., 2022).
While the effect of glutathione transfer to these substrates on
perception of bitterness remains unknown, it is likely that this
mechanism of detoxification simultaneously prevents the
binding of the bitter molecules to their receptors on gustatory
cells, as described for PRPs, meaning that increased GST
activity in the saliva can reasonably be hypothesized to
decrease the sensation of bitterness. Concordantly, the
heightened expression of the GST domain-containing EF1-y
in the RS cultivar of C. arabica could potentially be associated
with modification of endogenously occurring flavonoids and
other bitter molecules, possibly reducing the bitterness of
coffee brewed with beans of that cultivar.

Coffee quality is typically associated with stronger
non-bitter flavours, and a corresponding reduction of the
overall bitter taste; C. canephora beans, for instance, are more
bitter and therefore considered inferior (Olechno et al., 2021).
It is generally agreed that coffee beans harvested from plants
grown at higher altitudes are superior in quality, and this is
thought to be mainly due to the fact that lower temperatures
delay the ripening process and thus allow flavour precursors to
accumulate for a longer period of time, thereby enhancing the
flavours of the beans (Avelino et al., 2005; Livramento et al.,
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2017; Vaast et al., 2005). Although a number of studies have
investigated the effects of altitude on metabolite composition
in coffee, little is known about the effects of this variable on
protein composition, and the few studies performed on this
subject have failed to identify proteins which are known or
even speculated to be associated with coffee flavour
(Livramento et al., 2017).

Here we present the tantalizing conjecture that
heightened expression of EF1-y in the RS cultivar of C arabica
may decrease the concentration of bitter molecules such as
flavonoids and caffeine through the function of its GST
domain, thereby contributing to the improvement of taste
quality of this high-altitude cultivar by decreasing its overall
bitterness. Since GSTs are not known to interact with other,
non-bitter flavour precursors, this proposed mechanism
might improve the overall taste of the resulting coffee.
Although caffeine, flavonoids, and other bitter molecules
found in coffee are not known to be cytotoxic in plants,
flavonoids are thought to have antifungal properties (Galeotti
et al,, 2008) , while caffeine is known to protect plants against
predation by insects and other herbivores, as well as infection
by bacteria and fungi (Baumann & Gabriel, 1984; Frischknecht
etal., 1986; Mohammed & Al-Bayati, 2009; Nathanson, 1984)
. Given that stresses from herbivory and bacterial and fungal
colonization are thought to be reduced at lower temperatures
and thus higher altitudes (Desaint et al., 2021; Wu et al., 2021)
, bitter antimicrobial and anti-herbivory compounds may not
be necessary in high concentrations at such altitudes and could
be repurposed for alternative functions, thereby potentially
explaining the adaptive value of the postulated selective
breakdown of caffeine and flavonoids by high-altitude C
arabica. Although this preliminary postulation is interesting,
it remains uncertain whether heighted EF1-y expression is a
property of all high-altitude cultivars of C, arabicaor only the
RS cultivar being investigated in this study. Clearly, further
research is required to validate and refine this conjecture.

4.2 Increased expression of NB-ARC domain-containing
disease resistance protein in the C. arabica cultivar Rwanda
Shyira may reflect increased effector-triggered immunity as
an adaptive response to lower temperatures at higher altitudes.

In A. thaliana, the NB-ARC domain-containing
protein functions as a regulator of immunity and disease
resistance through the regulation of resistance (R) proteins
(Berardini et al., 2015; Cunningham et al., 2022; Van Ooijen et
al., 2008; Zhu et al., 2010). Of the two ARC domains found in
NB-ARC, the ARC-2 domain contains a highly conserved
methionine-histidine-aspartate sequence (Van Ooijen et al.,
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2008; L. Wuetal.,2014). This hasbeen identified as being akey
regulator of R proteins in Nicotiana benthamiana, and these R
proteins activate effector-triggered immune (ETI) responses in
response to the expression of avirulent (Avr) genes by invading
pathogens (Van Ooijen et al., 2008; L. Wu et al., 2014).

The role of elevation in the development and expression
of plant defenses remains controversial, with certain studies
finding positive correlations between elevation and plant
defense and others reporting the opposite. Wu et al. speculate
that these inconsistent findings are likely due to other
elevation-dependent abiotic factors such as temperature,
rather than elevation itself (R. Wu et al., 2021). Interestingly,
Cheng et al. identified that A. thalianaincreases ETTsignalling
at temperatures ranging from 10°C to 23°C, but shifts to
increasing pattern-triggered immunity (PTI) at temperatures
ranging from 23°C to 32°C. This phenomenon is likely due to
the co-evolution of plants with bacteria, since it has been found
that pathogenic bacteria secrete Avr-factors at lower
temperatures - forcing plants to increase R proteins and
therefore ETT signalling and in order to respond to these Avrs
(Cheng et al.,, 2013; Van Dijk et al, 1999). These findings
explain the greatly increased expression of the NB-ARC
domain-containing disease resistance protein in beans of the
RS cultivar of C arabica, since the Shiyra region of Rwanda
from which these beans were harvested has a lower
temperature range (15-18°C; Table 1), at which R protein
expression and ETT signalling, which are regulated by the NB-
ARCproteins, are prevalent.

Interestingly, three putative R proteins (all of them
RGA3) were found in our initial 531 protein hits (prior to
filtering, see Methods), but most of these had expression
intensities below the detection threshold. One RGA3 protein,
Cc00t11180.1, however, was expressed at an intensity above
the limit of detection in one replicate of the RS cultivar,
suggesting that further MS analysis with a longer gradient
might allow for increased detection of at least some of these
proteins and permit further analysis.

4.3 Increased expression of fibrillarin in the high-altitude

C arabica cultivar Rwanda Shyira provides insights into the
role of this protein in C, arabica immunity and cold stress
responses.

In plants, evidence exists for fibrillarin involvement
in several epigenetic nucleolar mechanisms. Specifically,
fibrillarin is capable of methylating histone H2A while bound
to rDNA (Loza-Muller et al., 2015), and in RNA polymerase I-
mediated transcription, the protein complex FACT (facilitates
chromatin transcription) interacts with methylated histone
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H2A to reorganize nucleosomes in the active promoters for
TRNA (Tessarz et al., 2014). Moreover, plant fibrillarin is also
capable of interacting with histone H2A to carry out rDNA
promoter methylation (Loza-Muller et al., 2015). Fibrillarin is
also shown to have ribonuclease activity (Rodriguez-Corona et
al., 2017) and is part of a protein complex that possesses
endonuclease activity required for proper processing of rRNA
(Dragon et al., 2002). Intriguingly, fibrillarin has been found to
play an indispensable role in the infection process of several
plant umbraviruses, which co-opt and utilize the protein as an
essential component of translocatable viral
ribonucleoproteins (RNPs). In particular, the ORF3 protein of
the groundnut rosette virus has been shown to directly interact
with fibrillarin to facilitate nuclear localization and assembly
of movement-competent infectious RNP particles, which are
required for systemic infection of the plant (Sang et al., 2007).
Furthermore, fibrillarin knockdown suppresses the long-
distance movement of groundnut rosette virus particles and
prevents systemic infection of the plant, suggesting that
lowered expression of fibrillarin could be a potential host
defense mechanism against viruses with nucleolar replication
phases, such as the groundnut rosette virus.

Fascinatingly, the prevalence and distribution of
infection with groundnut rosette virus is substantially lower in
South America relative to the African continent (Naidu et al.,
1998; Okello et al., 2014; Thottappilly, 1992) which could be at
least partially explained by the decreased expressional
intensity of fibrillarin in the BFDI cultivar. Whether decreased
expression of fibrillarin is common among South American C,
arabica cultivars or is unique to the BFDI cultivar is unclear,
however, and further proteomic investigations into South
American cultivars will therefore be necessary to validate this
conjecture.

Plant fibrillarin has also been shown to act as part (subunit
36a) of a multi protein complex - mediator of RNA polymerase
IT transcription - which provides an interface for
communication between transcription regulation proteins
and core promoters (Backstrom et al., 2007). Interestingly, the
mediatorl6 subunit of the transcriptional coactivator
complex has additionally been shown to regulate cold-
responsive gene expression in A. thaliana (Hemsley et al.,
2014). Due toits high altitude, the Shyiraregion of the Nyabihu
district of Rwanda has a daytime temperature range of 15-
18°C, considerably lower than the Sul de Minas region of Brazil
(Table 1). This may explain the heightened expression of
fibrillarin in the RS cultivar relative to BFDI (Figure 1C), since
the RS cultivar of C arabica may require higher fibrillarin
expression to appropriately modulate Cold On-Regulated
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(COR) genes in response to lower temperatures (Hemsley et al.,
2014).

Taken together, these data might place fibrillarin at
the center of a fascinating evolutionary trade-off in which the
RS cultivar of C arabicaincreases the expression of fibrillarin
in response to temperature stresses, but is consequently more
susceptible to systemic infection by umbraviruses such as the
groundnut rosette virus.

4.4 Decreased expression of pyruvate kinase 1 in the high-
altitude C. arabica cultivar Rwanda Shyira raises questions
about the levels and mechanisms of cold adaptation in coffee
plants.

Low temperatures can strongly affect plant
metabolism and respiration rate, and photosynthesis is known
to be strongly suppressed in coffee leaves at temperatures
below 13-18°C, which greatly limits the supply of ATP for
cellular metabolism (Partell et al., 2010; Ramalho et al., 2003).
Plants growing at such temperatures might therefore be
expected to increase expression of respiratory enzymes such as
pyruvate discussed previously, daytime
temperatures in the Nyabihu district of Rwanda are

kinase. As

considerably lower than in the Sul de Minas region of Brazil
(Table 1), and our findings regarding the relative expressional
intensities of cPK (Figure 1D) are therefore challenging to
understand. Interestingly, Partell et al. found that a relatively
cold-resistant genotype of C. arabica, Catucai IPR 102, exhibits
increased activity by respiratory enzymes such as malate
dehydrogenase and pyruvate kinase, in addition to possessing
higher concentrations of soluble sugars involved in
osmoregulation and membrane stabilization (Partell et al.,
2010). Although Partell et al. did not investigate cPK
expression levels, it is conceivable that the cPK enzymes of
cold-resistant plants are optimized for higher enzymatic
performance at lower temperatures, allowing the organism to
catalyze reactions with a lower overall amount of the enzyme.
This could indicate that the RS cultivar of C arabica is cold
adapted, which is reasonable given its environment, and
therefore exhibits a lower expression of cPK since its cPK is
activity at
temperatures. This is only speculative, however, since the

optimized for higher enzymatic lower
enzymatic activity of RS ¢PK is not known, and further
investigations comparing the cPK enzyme kinetics of cold-
adapted and non-adapted strains in cold temperatures will
therefore be necessary to shed more light on this unexpected

finding.
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4.5 Increased expression of a galactose/glucose isomerase in
the high-altitude C. arabica cultivar Rwanda Shyira could be an
adaptive response to hypoxic stress.

The identified NADP-Binding Rossmann-fold
superfamily protein is known to respond to hypoxic and water-
deprivation conditions (Berardini et al., 2015; Hooper et al,,
2022), possibly explaining the increased expression of this
protein in the RS cultivar since the Shyira region of Rwanda is
at a substantially increased elevation and consequently has
decreased oxygen availability (Table 1). This protein primarily
acts as an oxidoreductase which oxidizes CH-OH groups using
NAD and NADP as electron-accepting cofactors, but also
contains an NAD-dependent epimerase/dehydratase domain
which is known to be involved in the conversion of UDP-
galactose to UDP-glucose during the process of galactose
metabolism (Allard et al., 2001; Berardini et al., 2015; Thoden
et al.,, 2001). Both domains play roles in different forms of
substrate isomerization, suggesting that AT2G33590 may be a
galactose/glucose  isomerase. Curiously, a galactose
mutarotase-like superfamily protein (AT3G47800), which is
also a cytosolic epimerase involved in the catabolic processing
of galactose to glucose via UDP-galactose/glucose conversion
(Berardinietal.,2015; Thoden etal.,2001), exhibited relatively
similar levels of expressional intensity between the RS and
BEDI cultivars (Figure 1F).

Given that the galactose mutarotase-like protein is
not known to be associated with hypoxic stress and appears to
have similar expression levels in RS and BFDI, while the
hypoxia-associated NADP-binding Rossmann-fold protein
has increased expression in high altitude-grown RS, it is
conceivable that the latter protein is overexpressed under
hypoxic conditions in order to generate a larger pool of glucose
molecules which can be metabolized through various pathways
to offset the effects of hypoxic stress. While intriguing, this
preliminary conjecture ought to be validated through
measurement of enzyme kinetics and glucose production
under these varying conditions of altitude and oxygen
availability.

5 | CONCLUSIONS

Overall, these findings serve as a starting point for
further studies on the effects of endogenous glutathione-s-
transferases (GSTs) on coffee bean flavour and the function of
Coffea arabica immunoregulatory proteins, as well as research
into the modifications of enzyme kinetics in response to low
temperatures and hypoxia. In subsequent proteomic work,
longer MS gradients will permit the detection of a broader
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range of protein expressional intensities and thus allow for
qualitative identification of other proteins which might be
associated with our existing findings (such as the RGA3 or
galactose mutarotase-like superfamily proteins). MS/MS
analysis of other C arabica cultivars would provide further
insight into our results and allow us to determine if the
presence of these proteins is exclusive to RS and BFDI or
generalizable to all C arabica cultivars from different
elevations. These results would allow us to better understand
whether the proteomic effects of altitude explain the superior
yield, taste, popularity, and market performance of certain
cultivars of C arabica. Ultimately, our findings contribute to
understanding the role that these various proteins play in the
taste quality of C arabica beans, and the responses this
organism has to abiotic and biotic stressors caused by high
elevation - providing further insights which could improve the
production and quality of one of the most popular
commodities worldwide.
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