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Abstract: Over the past two decades soybeans grown in western Canada have persistently had lower
seed protein than those grown in eastern Canada. To understand the discrepancy in seed protein
content between eastern- and western-grown soybeans, RNA-seq and differential expression analysis
have been investigated. Ten soybean genotypes, ranging from low to high in seed protein content,
were grown in four locations across eastern (Ottawa) and western (Morden, Brandon, and Saskatoon)
Canada. Differential expression analysis revealed 34 differentially expressed genes encoding Glycine
max Sugars Will Eventually be Exported Transporters (GmSWEETs), including paralogs GmSWEET29
and GmSWEET34 (AtSWEET2 homologs) that were consistently upregulated across all ten genotypes
in each of the western locations over three years. GmSWEET29 and GmSWEET34 are likely candi-
dates underlying the lower seed protein content of western soybeans. GmSWEET20 (AtSWEET12
homolog) was downregulated in the western locations and may also play a role in lower seed protein
content. These findings are valuable for improving soybean agriculture in western growing regions,
establishing more strategic and efficient agricultural practices.
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1. Introduction

The global population is expected to approach 10 billion over the next three decades;
the growing demands for crop production to provide food security are driving an urgent
need to improve agricultural practices worldwide [1,2]. Yield, quality, and nutrients of
crops must carefully balance with climate, land efficiency, regional farming practices,
and equipment. Current agricultural practices are inadequate to feed the population,
and a global population increase by 25% will add unprecedented stress on global food
supplies [1]. Unfavorable climate conditions, increased concentrations of carbon dioxide,
water shortages, pests, diseases, and crowded land spaces are among the complications for
which humankind must be prepared [3,4]. Understanding soybean’s response to changing
climate conditions is important to reduce variability in year-to-year crop yields, promote
food supply stability, and food price stability [5-7].

Soybean [Glycine max (L.) Merr.] is a valuable crop with many agricultural uses,
including human food and animal feed. It is a leading source of oil and protein as its seeds
have approximately 20% oil, 40% protein, 35% carbohydrates, and 5% ashes [8]. Soybean
seeds contain the highest plant protein content of any legume, making seed protein content
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a key factor in quality standards [9,10]. Soybean quality factors are based on quantitative
estimates of seed composition, including protein content, oil content, free fatty acids,
chlorophyll, and fatty acid profile.

When considering seed storage macronutrients in soybean, an important balance exists
between proteins, lipids, and carbohydrates and it is important to consider expression of
genes related to each of these macromolecules. Carbohydrate metabolism is the precursor
to protein and oil biosynthesis, making it a key step in downstream seed storage molecule
biosynthesis. Seed protein and oil content are complex quantitatively inherited traits that
are influenced by genotype, environment, and the interaction between the two [11,12]. A
strong indirect phenotypic correlation is evident in the inverse balance of these two storage
molecules [13,14].

For nearly two decades a persistent trend has been observed between eastern and
western growing regions in Canada; the average soybean seed protein and oil content
from western Canada have been consistently low and more variable than the average
soybean seed protein and oil content from eastern growing regions of Canada [15]. In
2019, commercially grown soybean from eastern Canada had an average protein content
(39.5%) higher than that found in seeds grown in western Canada (36.8%) [16]. In 2020,
western-grown soybeans had an average protein content of 37.6% while eastern-grown
soybeans had an average protein content of 38.8% [15]. In 2021, average eastern soybean
protein content was 40.3%, while the western-grown soybeans had an average protein
content of 36.0% [17]. The same trend has been observed between eastern and western
Canada for oil. As opposed to the expected inverse relationship seen in seed protein and
oil content, the average seed oil content in eastern Canada (22.1%) was higher than the
average oil content found in western Canada (21.3%) [13-15,18]. Ort et al. [18] compared
phenotypic data of ten soybean cultivars from early maturity groups grown in Ottawa
(Ontario; east) and Morden (Manitoba; west). Using climate data from both locations the
authors correlated environmental factors with differences in development between the
two locations. The authors found that the soybeans grown in Morden had longer periods
of vegetative growth and less time spent in the flowering and seed development stages,
resulting in plants with more leaves compared to their Ontario-grown counterparts [18].
Warmer weather and shorter photoperiod in Ontario lead to a greater rate of phenological
development and a positive influence on seed yield [18]. Compounded with the other
challenges of growing soybean in western Canada (i.e., drier, cooler, longer photoperiod)
the issue with lower protein soybean may result in a loss of interest in soybean production,
and subsequently losing a key nitrogen fixing crop from Canadian crop rotation practices.

Photosynthetic tissues are the main source of sugar production, providing carbon
energy for the plant. Plants facilitate the transport of sugars across cellular membranes in
order to control carbon flux based on supply and demand across various sugar-dependent
tissues [19,20]. The Sugars Will Eventually be Exported Transporters (SWEETs) are a family
of membrane-bound sugar transporters found on the plasma membranes of tonoplasts
and phloem parenchyma cells [21-23]. SWEETs function in a concentration-dependent
manner to limit loss of sugars via storage in vacuoles [20,24]. SWEET proteins contain a
MtN3-slv transmembrane domain which is responsible for the maintenance of seed and
pollen development, and plant nectar production [25]. Seventeen SWEET genes have
been identified in Arabidopsis thaliana [19] with homologues found in other plant species,
including 52 SWEET genes in the soybean (G. max) genome [26], 108 in wheat (Triticum
aestivum) [27], 21 in rice (Oryza sativa) [25], and 32 in wild turnip (Brassica rapa) [28].

SWEETs play a role in seed protein and oil accumulation in soybean. GmSWEET10a
and 10b alter protein and oil contents and seed size during soybean domestication [29].
GmSTO05 (Seed Thickness on Chromosome 5) influences transcription of gmsweet10a to
regulate seed size, oil, and protein [30]. GmSWEET39 (Glyma.15G049200) was recently
identified as a seed coat-specific sugar transporter for seed development with a positive
correlation to oil content in seeds, suggesting its specialized role in low protein and high oil
in soybean seeds [31]. GmSWEET39 was demonstrated to function in both protein and oil
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improvement under artificial selection in two different paths, postulating its use for oil and
protein improvement in soybean. GmSWEET39 was identified as the underlying gene for a
major protein QTL on chromosome 15; a CC deletion resulting in a truncated GmSWEET39
was associated with high seed oil and low seed protein content. The CC deletion mutant
was extensively used in soybean improvement, particularly in North America. The authors
proposed that GmSWEET39 regulates oil and protein accumulation by influencing sugar
delivery from the integument of the seed coat to the embryo [31].

Changes in environmental conditions are typically responsible for year-to-year seed
composition variation, whereas genetic differences between cultivars are typically respon-
sible for trends spanning several years. Drought and temperature stress play a role in seed
protein and oil content [32]. Cober et al. [33] found moderate seed protein heritability, indi-
cating the role environment plays in seed protein accumulation. Combined, environmental
variation and soybean genetics are responsible for the differences in seed composition
between eastern and western growing regions [15]. There is a limit to the current un-
derstanding of oil and storage protein regulation and accumulation in soybean seeds, as
well as the determining factors for the allocation of carbon to the production of proteins
and oil [34,35]. Here, using RNA-sequencing (RNA-seq) and differential expression (DE)
analysis of soybeans grown in eastern and western Canada differentially expressed (DE)
GmSWEETs that influence carbon allocation are uncovered.

2. Results
2.1. Seed Protein, Seed Oil Content, and Yield

Ten genotypes (lines) were planted in four locations across east and west Canada for
DE analysis from 2018-2021(Supplementary materials Figure S1A). Table 1 lists the seed
protein and oil content for all 10 genotypes in each location and each year, as a percentage
of the total seed at 13% moisture. Over all four locations, line 1 (X5583-1-041-5-5), line 2 (AC
Harmony), and line 3 (AAC Halli) had the lowest average seed protein content of 37.5%,
36.7%, and 38.9%, respectively (Table 1). Lines 8 (AAC Springfield), 9 (Jari), and 10 (AC
Proteus) had the highest average seed protein content across all lines over the 4 locations,
with mean protein contents of 44.6%, 43.0%, and 46.9%, respectively (Table 1). Reciprocally
and expectedly, Lines 8, 9, and 10 have the lowest mean oil content (18.5%, 19.0%, and
16.5%, respectively). Lines 1, 2, and 6 (OT13-08) had the highest mean oil content of 22.1%,
22.4%, and 21.6%, respectively (Table 1). Line 1 had the lowest mean protein content across
all four locations (37.5%) and the highest yield of 2715 kg ha~!, with oil content among
the top results (22.1%) (Table 1). Line 10 had the highest average protein content over all
four locations (46.9%) while simultaneously having the lowest oil content (16.5%), and the
lowest mean yield at 1947 kg ha~! (Table 1).

The mean protein content across all genotypes in the east (Ottawa) was 43.6%, and the
mean protein content across all genotypes in the three west locations (Morden, Brandon,
Saskatoon) was 40%; a difference of 3.6% (Table 1). Morden, Brandon, and Saskatoon had
similar mean protein content (mean of all lines per location over 4 years; 40.6%, 39.9%, and
39.8%, respectively) (Table 1).

The mean oil content of all genotypes in the east was over 20.7%, and the mean oil
content of all genotypes in the three west locations together was 20.2% (Table 1). Morden
had a higher average oil content across all ten genotypes (21.0%) than Ottawa (20.7%)
(Table 1). The average oil content in Brandon over all genotypes was 19.9% and the average
oil content in Saskatoon was 19.8%; a difference from the east of 0.8% and 0.9%, respectively
(Table 1).
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Table 1. Seed protein, oil, and yield for all lines in each location from 2018-2021. Values for protein and oil are listed in average % of total seed. ND = No data. Please
note, “pro” indicates seed protein content, “oil” indicates seed oil content, and “yield” indicates the average yield (kg ha~!) (raw data collected at the individual
line-location-year level, not shown). Mean values for protein, oil, and yield are given as mean per line per location over 2018-2021, mean of all lines per location
(1-10), the mean of all lines across all three western locations (west; Morden, Brandon, Saskatoon), and the mean per line over four locations (east + west; Ottawa,
Morden, Brandon, Saskatoon).

Ottawa Morden Brandon Saskatoon West East + West

Line(s) Genotype Pro Oil Yield Pro 0il Yield Pro 0il Yield Pro 0il Yield Pro 0Oil Yield Pro Oil Yield
1 X5583-1-041-5-5 40.4 22.8 2912.8 27.5 171 2214.3 35.6 219 2572.1 36.5 20.9 24472 33.2 20.0 2411.2 37.5 22.1 2715.2
2 AC Harmony 389 234 25897 272 174 16776  34.8 21.8 1866.0  36.2 215 22298 327 202 19245 367 224 22561
3 AAC Halli 41.6 217 27457 288 164 21109 381 205 23958 372 20.8 22533 347 192 22533 389 212 25448
4 90A01 42.3 214 2523.5 29.8 16.3 1803.5 39.4 20.8 2001.2 38.8 20.6 22440 36.0 19.2 2016.2 40.1 21.1 2306.2
5 Maple Amber 42.8 21.8 25169 298 16.5  1859.1  39.2 207 22223 385 205 18936 358 192 19917  40.1 212 22675
6 OT13-08 43.8 217 29345 308 16.6 22655 403 214 25251 395 212 22146 369 19.7 23351 413 216 2659.6
7 OT14-03 43.7 20.2 2742.1 31.1 15.4 2110.7 41.3 18.8 2090.4 40.0 19.5 2074.6 374 17.9 2091.9 41.6 19.8 2427.2
8 AAC Springfield  47.3 183 23652 326 145 18017 425 18.4  2000.1 444 18.0 19411  39.8 170 19143 446 185  2173.7
9 Jari 46.4 192 30542 319 147 22678 413 18.7 20876 413 185 18948  38.1 173 20834  43.0 19.0  2509.3
10 AC Proteus 494 16.6 2271.7 349 12.7 1824.2 45.9 16.1 1658.2 45.4 16.5 1475.0 421 15.1 1652.5 46.9 16.5 1947.0
1-10 43.6 20.7 26656  40.6 21.0 26580 399 199 21419 398 19.8  2066.8  40.0 202 22667 411 203 23807
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The mean yield in the east over all genotypes was 2665 kg ha—!, and the mean yield in
the west across all genotypes was 2266 kg ha~!, a difference of 399 kg ha~! or a 15% decrease
in the west (Table 1). The mean yield in Morden across all genotypes was 2658 kg ha™!,
only 7 kg ha~! less (<1%) than in Ottawa (Table 1). Brandon had a yield 523 kg ha~!
less (approx. 20% lower) than all genotypes grown in Ottawa (Table 1). Saskatoon had
the lowest average yield of 2066 kg ha™!, a difference of 599 kg ha~! (or 22.5% lower) in
comparison to Ottawa (Table 1).

2.2. Quality Control

RNA Q30 (99.9% accuracy for base calls) scores of at least 36 were accepted across
all samples, indicating high quality base calls for each sample. The average surviving
read depth was 29,313,314 reads. The average read survival rate was 98.0%, the lowest
survival rate was 90.9%. It is important to note Morden 2021 experienced serious drought
stress and was excluded from cross-comparative analysis. GGEbiplot analysis across
all year-location datasets determined Morden 2021 to be close to the origin of principal
components (PC) 1 and 2 (PC1 and PC2), indicating it shows very little information, hence
the data were excluded (Figure 1). Figure 2 shows the PC analysis for samples within each
individual DE analysis (colored datapoints); and the cumulative dataset PC analysis per
year (grey datapoints).

PC1=39.2%, PCZ = 21.7%, Sum = 60.9%
Transform = 0, Scaling = 1, Centering =2, SWP =1
2.4
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Morden_20
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g 06 536 Saskatoon_19
27 Brandon_21
2
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Figure 1. GGEbiplot of all year-location datasets to assess congruency of experimental data sets.

2.3. SWEET Family Analysis

Of the 52 GmSWEET genes (Wm82.a1.0) identified by Patil et al. [26], three were
no corresponding ID in the Wm82.a2.0 genome database; GmSWEET3 (Wm82.a1.0 ID
Glyma03g39430), GmSWEET18 (Glyma06921570), and GmSWEET27 (Glyma08g48280).

Across all 88 DE datasets, 3¢ GmSWEET genes were identified to be DE between
eastern and western growing locations (Table 2). In total, 31 known GmSWEET genes were
identified to be DE, and three Arabidopsis AtSWEET homologs with no corresponding Gm-
SWEET names were identified: Glyma.09G119100 (AtSWEET17 homolog), Glyma.19G066300
(AtSWEET17 homolog), Glyma.06G200200 (AtSWEET17 homolog) (Supplementary Mate-
rials Table S1; ST1). Of 774 instances of DE SWEET genes across all 88 datasets (4 years,
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All samples 2018

3 west locations, 10 genotypes) there were 411 instances of upregulation and 363 instances
of downregulation in the west (Table 2). The mean upregulated log2FC difference in expres-
sion is 3.08 and the median upregulated log2FC is 2.47. The mean downregulated log2FC
is —3.38 and the median downregulated log2FC difference in expression is —2.81. Gm-
SWEET12 (Glyma.05G202600) in Line 9 in Morden 2020 showed the highest upregulation of
any SWEET gene, DE by a log2FC 23.7. GmSWEET12 also had the lowest downregulation
of any SWEET gene, as seen in Line 7 in Saskatoon in 2021, DE by a log2FC of —26.9.
Figure 3 depicts the ClustalW phylogenetic relationship of the peptide sequences from
all 17 AtSWEETs (blue highlight), and all Wm82.a2.0 GmSWEETs (green highlighted Gm-
SWEETs are found DE in our data; yellow highlighted GmSWEETs are known GmSWEETs
not found to be DE in our data). In Figure 3, GmSWEET genes highlighted in green with a
border have no known GmSWEET identity but are homologs of AtSWEETs. GmSWEETs
from all three clades found in soybean were found to be DE between east and west. Clades I
and II are hexose transporters and Clade III SWEETSs are specific to sucrose transport [36,37].

All samples 2019
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Figure 2. Principal component (PC) analysis of expression data variation for each line across all
locations from (A) 2018, (B) 2019, (C) 2020, and (D) 2021. Colorful datapoints represent samples in
each individual DE dataset; grey datapoints represent all datapoints across all ten lines in a year.
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Table 2. All GmSWEET genes DE (adjusted p-value < 0.05) between eastern and western regions in

at least 1 line in at least 1 location in any year(s). Of 88 DE datasets, the total number of data sets in

which each GmSWEET gene is DE is listed under “total”. The number of datasets in which the gene

is upregulated in the west is listed under “up”, and the number of datasets where each gene is found

to be downregulated in the west is listed under “down”.

Name Gene ID (Wm82.a2.0) Up Down Total
GmSWEET4 Glyma.04G198400 4 1 5
GmSWEET6 Glyma.04G198600 32 3 35
GmSWEET?7 Glyma.04G238100 27 27
GmSWEETS Glyma.04G241400 7 2 9

GmSWEET11 Glyma.05G202700 6 16 22
GmSWEET12 Glyma.05G202600 7 19 26
GmSWEET13 Glyma.06G122200 10 5 15
GmSWEET14 Glyma.06G125800 5 31 36
GmSWEET15 Glyma.06G166800 26 3 29
GmSWEET16 Glyma.06G166900 1 0 1
GmSWEET17 Glyma.06G167000 2 28 30
GmSWEET19 Glyma.06G200800 1 1 2
GmSWEET20 Glyma.08G009900 4 47 51
GmSWEET21 Glyma.08G010000 6 25 31
GmSWEET22 Glyma.08G025100 2 6 8
GmSWEET25 Glyma.08G360400 25 0 25
GmSWEET28 Glyma.09G043200 24 12 36
GmSWEET29 Glyma.12G234500 62 9 71
GmSWEET30 Glyma.13G041300 5 34 39
GmSWEET31 Glyma.13G037900 19 4 23
GmSWEET33 Glyma.13G169700 23 0 23
GmSWEET34 Glyma.13G264400 55 1 56
GmSWEET36 Glyma.14G120300 14 1 15
GmSWEET37 Glyma.14G159900 4 0 4
GmSWEET38 Glyma.14G160100 2 38 40
GmSWEET40 Glyma.15G149800 8 26 34
GmSWEET41 Glyma.15G210400 7 13 20
GmSWEET42 Glyma.15G211800 17 5 22
GmSWEET46 Glyma.18G301200 17 0 17
GmSWEET48 Glyma.19G009900 3 0 3
GmSWEET52 Glyma.20G082700 9 1 10
AtSWEET17 Glyma.09G119100 1 2 3
AtSWEET17 Glyma.19G066300 3 2
AtSWEET17 Glyma.06G200200 0 1 1
Total 774 411 363
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Figure 3. Peptide sequence phylogenetic tree summarizing the relationships between all A. thaliana
AtSWEETs (blue highlighting), and G. max GmSWEETs (genes with green highlighting are found to
be DE in our data, genes with yellow highlighting are not). G. max genes not previously identified to
be a GmSWEET are highlighted in green with a green border (clade IITI). SWEET clades are indicated
by roman numerals and vertical lines spanning each group; clades I and II are subgroups of hexose
transporters, clade III are sucrose transporters. MegAlign Pro® Version 17.3 (DNASTAR Lasergene,
Madison, Wisconsin) multiple sequence ClustalW alignment and Neighbour-joining methods with
1000 bootstrap replicates were used to construct the tree.



Plants 2022, 11, 2337

9 of 20

2.4. GmSWEET?29 Is Persistently Upregqulated in Soybeans Grown in West Locations

ST1 summarizes all the log2FC differences in expression between east (Ottawa) and
west (Morden, Brandon, or Saskatoon). DE analysis was done by comparing each genotype
grown in Ottawa to each of its western-grown counterparts (identical genotype) within
the same year (Supplementary Materials Figure S1B). The most consistently DE SWEET
gene across all 88 DE datasets is GmSWEET29 (Glyma.12G234500). GmSWEET29 was
upregulated in the west in 62 of 88 east vs west DE analyses, spanning nearly all years and
locations; GmSWEET29, however, was consistently downregulated across 9 of 10 lines in
Saskatoon 2020 and was not DE in Morden 2020 (Table 2, ST1). All ten soybean genotypes
exhibited upregulation of GmSWEET29 in the west in two or three years (5T1). Upregula-
tion of GmSWEET29 ranged across all data sets from a log2FC of 0.824 (Brandon Line 9
2021) to a log2FC of 6.42 (Brandon Line 4 2019). The median upregulation of GmSWEET29
between east and west was by a log2FC of 3.45. In Saskatoon 2020 (irrigated), GmSWEET29
was downregulated in 9 of 10 genotypes by a log2FC ranging from —1.57 (Line 9) to —3.14
(Line 8), and an average of —1.97 and a median value of —1.86.

2.5. GmSWEET?20 and GmSWEET34 Show Some DE between East and West Locations

GmSWEET34 (Glyma.13G264400) showed consistent upregulation in 55 of 88 datasets,
spanning nearly all western locations in three of four years, with only one instance of
downregulation (Line 9, Saskatoon 2020; log2FC —1.66) (Table 2, ST1). The upregulation
of GmSWEET34 in the west ranged from a log2FC of 0.651 (Line 6, Saskatoon 2021) to
a log2FC of 4.50 (Line 4, Brandon 2019); the median upregulation was by a log2FC 2.47.
However, the instances of GmSWEET34 DE are not convincingly persistent, as seen in
Brandon 2018 which has only one genotype (Line 6) exhibiting upregulation by a log2FC of
1.87, and no instances of upregulation across all samples in 2020 (ST1).

GmSWEET20 (Glyma.08G009900) showed downregulation in 47 of 88 DE datasets,
including all locations and all years, however GmSWEET20 was upregulated in 4 geno-
types from 2020; Morden Lines 5, 9, and 10, and Saskatoon Line 10 (Table 2, ST1). The
downregulation of GmSWEET20 ranged from log2FC —0.881 (Line 5, Brandon 2021) to
—8.81 (Line 7, Morden 2019); the median downregulated expression was log2FC —4.77.
The DE patterns seen across 2020 samples is not persistent across all genotypes, somewhat
hindering the fit of GmSWEET20 into our candidate gene criteria.

2.6. Glyma.09G119100, Glyma.19G066300, Glyma.06G200200 Are AtSWEET17 Homologs

Our results uncovered three G. max genes not previously identified in the SWEET
family in soybean, Glyma.09G119100, Glyma.19G066300, and Glyma.06G200200. Arabidop-
sis homeolog AtSWEET17 was identified as the top TAIR10 result for these three G. max
genes (ST1). Glyma.06G200200 is uncharacterized in soybean but the top BLASTP hit iden-
tifies bidirectional sugar transporter SWEET17 (AtSWEET17) in A. thaliana as the most
closely related sequence (Figure 3, ST1). Glyma.09G119100 is identified as a predicted
bidirectional sugar transporter SWEET17-like protein in G. max (ST1). Glyma.19G066300
is also uncharacterized in soybean and its top BLASTP hit identified Brassinosteroid-
regulated protein (BRU1) in G. max as the most closely related protein (ST1). These three
AtSWEET17 homologs were DE only in 2020 and 2021 (ST1). Line 2 in Saskatoon 2020 had
upregulated expression of Glyma.09G119100 and Lines 3 and 8 in Saskatoon 2021 had down-
regulated expression of Glyma.09G119100. Line 5 in Saskatoon 2021 had downregulated
expression of Glyma.06G200200. In 2020, Morden Line 7 had downregulated expression
of Glyma.19G066300 and Line 10 upregulated expression of Glyma.19G066300. Line 10 in
Saskatoon 2020 had upregulated expression of Glyma.19G066300. Line 4 in Brandon 2021
had upregulated expression of Glyma.19G066300, while Line 10 in Saskatoon 2021 had
downregulated expression of Glyma.19G066300.
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2.7. Top DE SWEET Genes between East and West

The log? fold change (log2FC) difference in expression across each individual geno-
type (Lines 1-10) between Ottawa (east) and each western location (Morden, Brandon,
Saskatoon) across all 4 years is summarized in ST1, including the full datasheet with
precise log2FC values. Additionally, the soybase.org [38] genome annotations (BLASTP,
TAIR10, gene ontology (SoyBase and PANTHER), protein family descriptions (PFAM), and
eukaryotic orthologous groups (KOG)) are also listed in ST1.

2.8. Weather Report

Figure 4 shows the average temperature (°C) for each location from 2018-2021. The
7-day moving average for each location is indicated by solid lines and the individual
datapoints represent the daily highs and lows. Supplementary Materials Figure S2 (SF2)
shows the relative humidity (%) of the experimental farms every day from 2018-2021.
The 7-day moving average for each location is indicated by solid lines and individual
datapoints represent the daily values. Supplementary Materials Figure S3 (SF3) shows
the daily precipitation totals (mm) at each experimental farm during growing seasons
(mid-April to mid-November). For each of Figure 4, SF2, and SF3 the east (Ottawa) data
are in green, and west (Morden, Brandon, Saskatoon) data are in shades of blue. The
average temperature during the growing seasons across 2018-2021 in Morden was 11.0°C,
Brandon was 9.2°C, Saskatoon was 8.9°C, and Ottawa was 13.6°C. The average relative
humidity during the growing seasons across 2018-2021 in Morden was 62.7%, Brandon
was 66.7%, Saskatoon was 63.7%, and 68.2% in Ottawa. Cumulative rainfall from mid-April
to mid-November in Ottawa was 548 mm in 2018, 544 mm in 2019, 438 mm in 2020, and
447 mm in 2021, totaling 1977 mm over 4 years. Seasonal rainfall in Morden was 306 mm
in 2018, 476 mm in 2019, 214 mm in 2020, and 329 mm in 2021, totaling 1325 mm over the
4 years. In Brandon, seasonal rainfall was 220 mm in 2018, 540 mm in 2019, 423 mm in 2020,
and 394 mm in 2021, totaling 1576 mm over the 4 years. Saskatoon had the lowest seasonal
rainfall with 165 mm in 2018, 232 mm in 2019, 259 mm in 2020, and 152 mm in 2021, a total
of 807 mm over the 4 years.

Average temperature of experimental farms from 2018-2021

Oltawa Date
7 per. Mov. Avg. a)

Figure 4. Average temperature (°C) of experimental farms from 2018-2021. East (Ottawa) data is
represented in green, west (Morden, Brandon, Saskatoon) data are represented in shades of blue.
Daily temperature data are represented by individual data points and the 7-day moving average is
represented by solid lines.
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3. Discussion
3.1. GmSWEET?29 Is an AtSWEET2 Homolog and Is Upregulated in Soybeans Grown in the West

GmSWEET?29 (Glyma.12G234500) was upregulated in western-grown soybeans in
62 of the 88 east vs west DE analyses, evident in all west locations over three years
(ST1). To the best of our knowledge there are no reports of GmSWEET29 implicated
for a role in seed protein. Patil et al. [26] describes AtSWEET2 as a homolog of Gm-
SWEET29 (Glyma12¢36300). Our results corroborate these findings, as the TAIR10 result
for Glyma.12G234500 is AtSWEET2; Nodulin MtN3 family protein (ST1) and as seen by the
phylogenetic clustering of GmSWEET29 and AtSWEET2 in clade I (Figure 3).

AtSWEET?2 belongs to clade I of the SWEET family of sugar transporters, alongside
plasma membrane hexose transporter AtSWEET1 [19,22,36,39] (Figure 3). AtSWEET2 is a
plasma membrane hexose transporter, identified to play a role in accumulation of glucose in
plants [24]. Similarly, the rice homolog OsSWEET2b was found to localize to the tonoplast
and also played a role in glucose transport mediation in lipid vesicles, corroborating other
findings that SWEET2 homologs function as hexose transporters in the tonoplast [22].
Glucose trafficking was increased in lipid vesicles with OsSWEET2b when compared to
controls, and glucose trafficking activity was eliminated when mutations to block the
sugar transport channel of OsSWEET2b were introduced [22,40]. Crystal structure analysis
of OsSWEET?2b identified an asymmetrical pair of triple-helix bundles connected by an
inversion linker transmembrane helix to form the pathway for sugar translocation [22].

Guo etal. [41] identified AtSWEET2 accompanied by vacuolar transporters AtSSWEET16
and AtSWEET17 as the most highly expressed AtSWEETs in Arabidopsis root tissue [41].
AtSWEET? fused with GUS and GFP reporter proteins was identified to function in the root
tip and root cap tonoplasts such as AtSWEET16 and 17, and were particularly localized
to the cortex and epidermis [24]. It was suggested that AtSWEET2 plays a role in glucose
sequestration of the root vacuoles by moderating carbon efflux and preventing loss of
sugar within roots [24]. This is important because a significant portion of sugars are lost
from root tissue into the rhizosphere, which serves as a carbon source for rhizobacteria
as well as for soil-borne pathogenic microbes [24,42]. Stable isotope analysis using loss-
of-function atsweet2 mutants showed an increase in the amount of glucose lost from roots
to the rhizosphere [24]. Conversely, overexpression of AtSWEET?2 limited carbon efflux
from roots by accumulating sugars in vacuoles, which notably contributed to increased
resistance to the soil-borne oomycete, Pythium irrequlare [24].

It is important to acknowledge the majority of what is described today about AtSWEET2
is focused primarily on root tissue or expressed in yeast lipid vesicles, and our data used leaf
tissue. While its role in root sugar accumulation and its relationship to the rhizosphere has
been established, our data presents that the AtSWEET2 soybean homolog GmSWEET29 is
obviously DE between soybeans grown in east and west locations of Canada. This suggests
that GmSWEET29 may play a role in mediating efflux of sugar in leaf vacuoles. The Bio-
Analytic Resource for Plant Biology (BAR; http:/ /bar.utoronto.ca/; accessed on 28 August
2022) ePlant Soybean eFP Viewer indicates expression of GmSWEET29 (Glyma.12G234500)
is highest in the root hairs and flowers and moderately expressed in the leaves. Expression
data for GmSWEET34 (Glyma.13G264400) indicated very low expression in the roots and
root hairs and high expression in the leaves [43,44].

From our data, there is an increase in expression of hexose transporter GmSWEET29 in
soybeans grown in the west. Based on what is known of SWEET2 homologs, GmSWEET29
may be present on tonoplasts and play a role in sugar accumulation in vacuoles.

3.2. GmSWEET34 Is a GmSWEET29 Paralog and a AtSWEET2 Homolog

GmSWEET34 (Glyma.13G264400) was consistently upregulated in 55 of 88 datasets,
with only one instance of downregulation (ST1). At least 9 genotypes showed upregulation
of GmSWEET34 across 5 of the 9 location-year metadata: Morden-2018, Morden-2019,
Brandon-2019, Saskatoon-2019, and Brandon-2021. However, in Brandon-2018 only Line 6
showed DE from Line 6 in Ottawa, and the remaining 9 lines did not have any significant


http://bar.utoronto.ca/

Plants 2022, 11, 2337

12 of 20

DE of SWEET genes. In Saskatoon-2021, Lines 2, 4, 6, 7, and 8 had upregulated expression
of GmSWEET34 compared to their Ottawa-grown counterparts, while Lines 3, 5, 9, and
10 did not yield DE for GmSWEET34.

GmSWEET?34 is not well characterized in G. max and the top BLASTP hit is ruptured
pollen grain in Medicago truncatula (ST1). Interestingly, like GmSWEET29, GmSWEET34
is an AtSWEET2 (Nodulin MtN3 family protein) homolog as per our TAIR10 results and
as previously reported by Patil et al. [26]. Figure 3 shows GmSWEET29, GmSWEET34,
and AtSWEET?2 cluster closely together in clade I (hexose transporters). This suggests that
GmSWEET34 also plays a role in sugar accumulation in vacuoles and limiting efflux.

The genetic evolution of modern soybean includes two whole genome duplications [45-48].
Soybean has notably more SWEET genes (52) than model plants such as Arabidopsis (17)
and rice (21) [19,25,26]. However, Patil et al. [26] identified 21 GmSWEET paralogous
pairs in G. max. By assessing synonymous (Ks) and non-synonymous (Ka) substitution
mutation rates, and the ratio of the two (Ks/Ka), Patil et al. [26] elucidated GmSWEET
gene pairs with highly similar coding sequence alignments and estimated the approximate
time in history at which the duplication event took place. GmSWEET29 and GmSWEET34
had a Ka/Ks of 0.233, where a Ka/Ks < 1 implies that the genes underwent stabilizing
(or purifying) selection. GmSWEET29 and GmSWEET34 were estimated to have been
duplicated approximately 8.05 million years ago [26]. This is significant to our findings as
the upregulation of GmSWEET29 and GmSWEET34, both AtSWEET2 homologs, are highly
prevalent in our data. Both genes were significantly upregulated across the three western
locations across three years, indicating that soybeans grown in the west have an increasing
expression of GmSWEET29 and GmSWEET34.

Expression of GmSWEET29 and GmSWEET34 was generally upregulated in 2018, 2019,
and 2021 (ST1). Thus, it is interesting that GmSWEET29 is downregulated in nine samples in
Saskatoon 2020 and not DE in Morden 2020; GmSWEET34 is downregulated in one sample
in Saskatoon 2020 and is not DE in Morden 2020 (ST1). While expression of GmSWEET29
and GmSWEET34 in 2020 stand out from 2018, 2019, and 2021, this lack of DE seen in
Morden 2020 and downregulation seen in Saskatoon 2020 indicate that GmSWEET29 and
GmSWEET34 expression patterns changed in a similar manner year over year (i.e., no longer
upregulated). GmSWEET29 and GmSWEET34 are both clade I hexose transporter SWEETS,
thereby indicating that the expression patterns of hexose transporters is an important
feature underlying the differences between eastern and western grown soybeans.

3.3. GmSWEET20, a AtSWEET12 Homolog, Is Downregulated in the West

GmSWEET20 (Glyma.08G009900) was consistently downregulated in 47 of 88 DE
datasets, spanning all western locations in three years (ST1). Glyma.08G009900 is not
well characterized in G. max, and the top BLASTP hit identified the bidirectional sugar
transporter SWEET12 from Phaseolus vulgaris as the most closely related protein (ST1).
AtSWEET12 is the top Arabidopsis homolog as determined by TAIR10, and Figure 3
shows GmSWEET20 is a clade Il SWEET hexose transporter and clusters most closely
with AtSWEET12 (ST1, Figure 3). All genotypes (lines 1-10) in Saskatoon-2019 signifi-
cantly downregulated their expression of GmSWEET20 in comparison to their eastern
counterparts (ST1). Saskatoon-2020, Brandon-2021, and Saskatoon-2021 had three or four
lines that downregulated GmSWEET20 expression. Morden-2018, Brandon-2018, Morden-
2019, and Brandon-2019 had between 5 and 8 lines that downregulated the expression of
GmSWEET20. Morden-2020 had one line that downregulated GmSWEET20 expression.

Patil et al. [26] identified GmSWEET20 and GmSWEET12 as sister paralogs, with a
Ks/Ka of 0.300 and an estimated duplication event 8.68 million years ago. GmSWEET12
is DE in 26 of 88 line-location-year datasets: 19 instances of downregulation in the west,
and 7 instances of upregulation in the west (Table 1, ST1). GmSWEET20 and GmSWEET12
followed similar patterns across all four years of our study (ST1). In the majority of
instances these genes are downregulated in the west; however in 2020, the same change
in expression (upregulation) in the same lines (Morden Line 5, Morden Line 9, Morden
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Line 10, and Saskatoon Line 10) was observed. Because GmSWEET20 and GmSWEET12 are
sister paralogs, it is not surprising that their expression patterns across different genotypes
were similar. AtSWEET12 was identified along with AtSWEET11 as a clade II hexose
sugar transporter, localized to the plasma membrane of parenchyma cells of the phloem
and are key players in phloem loading [23]. Because cold treatment is known to induce
sugar accumulation, one study analyzed the behavior of different Arabidopsis mutant lines
after 1 week at 4 °C. The double mutant for atsweet11-12 was found to exhibit a greater
cold tolerance than the wild type and both single mutants; this study confirmed the role
of clade II hexose transporters AtSWEET11 and AtSWEET12 in the regulation of sugar
transport [49]. A decrease in expression of phloem-loading parenchyma membrane sugar
transporters suggests plants in the west may have significantly reduced the loading of
sugars into phloem for carbon transportation to various carbon sinks.

AtSWEET12, AtSWEET11, and AtSWEET15 together play a distinct role in seed
filling [50]. An atsweet11/12/15 triple mutant contained the same number of seeds but had a
reduced dry seed weight of ~43% in comparison to the control plants. The AtSWEET11 and
AtSWEET12 genes were found to be expressed in both leaves and seeds, hence, the triple
mutant had a lack of carbohydrates in the leaves which directly correlated to a reduced
supply to be exported, negatively impacting embryo development and seed filling [51].
A mutation found in atsweet11/12/15 genes in Arabidopsis impaired sucrose delivery from
seed coat and endosperm to the embryo which resulted in many defects to the seed [50].
In a similar manner, a knockout mutation in the rice genes ossweet11 and 15 resulted in
complete loss of endosperm development [52,53]. In soybean, a GmSWEET15b knockout
led to a high rate of seed abortion [54]. These studies suggest that downregulation or
knockout of SWEET11/12/15 has a significant impact on seeds, including their viability
and development. In our study persistent DE of AtSWEET12 homolog GmSWEET20 and
sister paralog GmSWEET12 in soybeans grown in the west of Canada was identified. The
DE of GmSWEET20 and GmSWEET12 observed between east and west locations is valuable
for understanding the cause of the lower seed protein phenotype seen in western Canada.

3.4. Glyma.06G200200, Glyma.09G119100, and Glyma.19G066300 May Be SWEET-like Proteins

Three AtSWEET17 homologs were identified in our data, with no known GmSWEET
identity, Glyma.06G200200, Glyma.09G119100, and Glyma.19G066300 (ST1). AtSWEET17
is a clade III (sucrose transporter) SWEET (Figure 3) [26,37]. The three putatively new
GmSWEET genes clustered in clade III with AtSWEET16 and 17, as well as GmSWEET19,
28, 40, 50, 52 (Figure 3). AtSWEET17 was described as a facilitative transporter of fructose
on root and leaf tonoplasts along with AtSWEET16 [41]. Mutations affecting AtSWEET17
expression have led to fructose accumulation in leaves confirming its role in exporting
fructose from leaf vacuoles. However, interestingly, AtSWEET17 was not highly expressed
in leaves which indicated that it functioned in other organs of the plant. qRT-PCR studies
revealed that AtSWEET17 was highly expressed in plant roots and the expression of
AtSWEET17 was considerably higher during lateral root growth under drought conditions,
and vice versa [55]. Another study identified a possible correlation between overexpressing
EjSWEET17 and the amount of fructose and sorbitol contents in loquat (Eriobotrya japonica)
fruit indicating a relationship with mature fruit sugar content [56]. Next steps for this
research should include verifying the function of Glyma.06G200200, Glyma.09G119100, and
Glyma.19G066300 as sugar transporters.

3.5. GmSWEET39 Is Not DE between Eastern and Western-Grown Soybeans in Canada

GmSWEET39 (Glyma.15G049200), an AtSWEET15 homolog, was not DE between
eastern- and western-grown soybeans in our data. GmSWEET39 underlies an important
soybean protein QTL, in which a 2 bp CC deletion was found to be associated with high seed
oil and low seed protein content [31]. GmSWEET39 is preferentially expressed in seed coat
and was identified to have pleotropic effects on seed protein and oil [31]. This preferential
expression being localized to the seed coat may explain the lack of DE GmSWEET39 in
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our work. Alternatively, this QTL may not have significant importance in Canadian short-
season soybean [57]. Patil et al. [26] identifies GmSWEET39 and GmSWEET24 as sister
paralogs; GmSWEET24 is not found to be DE in our data.

3.6. SWEET Genes Have Been Shown to Influence Yield

SWEETs have been recently identified to play a role in yield and biomass accumu-
lation [30,58]. Expression analysis of SWEETSs in both maize and foxtail millet identified
a higher sucrose transport capacity in maize and that was critical for yield and biomass
accumulation [58]. In both rice (O. sativa L.) and maize (Z. mays), hexose transporter
SWEET4 mutations to OsSWEET4 and ZmSWEETA4c respectively, lead to defective seed
filling in both species, suggesting SWEET4 is important for increased import of sugars into
endosperms [59]. Low concentration of sucrose in the developing embryo was the result of
decreased sugar transport in both OsSWEET11 rice knockout mutants and GmSWEET15
soybean knockout mutants [52,54]. A recent study identified significant differences between
the physiology of soybeans grown in western Canada compared to the same genotype
grown in eastern Canada; western soybeans were taller, yields were lower, seeds were
smaller, and the amount of fixed nitrogen protein was lower [60]. With this information it
is important to consider that the DE GmSWEETs identified in this study likely play a role
influencing the difference in seed yield between east and west Canada.

3.7. Abiotic and Biotic Considerations

The environmental conditions in Ottawa include more precipitation, higher humidity,
and warmer temperatures, favoring soybean growth over the more arid environments in
the west (Figure 4, SF2, SF3). These conditions innately provide more optimal conditions
for successful soybean growth, as soybean ancestry is East Asian, and Canadian geography
is limited to a slim range of northern climate conditions. Taking into consideration the
genotypes that are more tolerant to inclement environments is essential to optimizing
soybean agriculture in western growing regions. Further, biotic differences between east
and west growing locations are a likely factor influencing soybean growth. The micro-
bial rhizosphere has been established to add intense competition for carbon and sugar
reuptake in maize in comparison to plants grown in sterile conditions [61]. A devastating
pest, Soybean cyst nematode (Heterodera glycines), was recently discovered in Manitoba,
only a few years after its presence in eastern Ontario was discovered [62,63] which may
further complicate the exchange of carbon in the rhizosphere. It would be of interest to
investigate the soil microbiomes of east and west soybean growing regions to gain a greater
appreciation for the biotic factors at play.

4. Materials and Methods
4.1. G. max Lines

Ten maturity group 00 [64,65] G. max genotypes ranging from low to high in seed
protein content were selected for this study; Line 1 has the lowest average seed protein
content and Line 10 has the highest seed protein content. Line 1 is X5583-1-041-5-5, Line 2
is AC Harmony [66], Line 3 is AAC Halli, Line 4 is 90A01 [67], Line 5 is Maple Amber, Line
6 is OT13-08, Line 7 is OT14-03, Line 8 is AAC Springfield, Line 9 is Jari, Line 10 is AC
Proteus [68]; all developed at the Ottawa Research and Development Centre by Agriculture
and Agri-Food Canada (AAFC).

4.2. Planting and Growth

Four geographical locations in Canada were chosen for this study: Ottawa (Ontario),
Morden (Manitoba), Brandon (Manitoba), and Saskatoon (Saskatchewan) (SF1A). Ottawa
(latitude 45.39, longitude —75.72) represents the eastern growing region of Canada, and
Morden (49.18, —98.08), Brandon (49.86, —99.98), and Saskatoon (52.15, —106.57) represent
the western soybean growing regions of Canada. All ten lines were planted with four repli-
cates in each location over four years from 2018 to 2021, with the exception of Saskatoon
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in 2018 and Brandon in 2020. Each trial was carried out using 4 x 5 rectangular lattices,
including four replicates per line per site. Each plot was planted at a rate of 50 seeds
per m?. Each site followed best management practices for optimal fertility, planting date,
and control of weeds. The Saskatoon site was irrigated in 2020 and 2021.

4.3. Sampling and Seed Content Measurements

Sampling of each line was done from three different replicates at each location. Young
trifoliate leaves were collected from otherwise-heathy looking plants during R5 [69]. Leaf
tissue was rolled into a sterile 1.5 mL microfuge tube and flash frozen in liquid nitrogen
in the field. Samples were stored at —80 °C in Ottawa until the samples from Morden,
Brandon, and Saskatoon arrived by expedited shipping on dry ice 24 h later, and then
stored at —80°C. A total of 100 seeds per plot were analyzed for seed protein and oil content
using an Infratec 1241 Grain Analyzer (FOSS North America, Eden Prairie, Minnesota).
Due to the extensive size of this study and to avoid significant plot disruption, leaf tissue
was selected as the tissue of choice.

4.4. RNA Extraction and cDNA Library Preparation

Samples were crushed directly in their respective microfuge tubes using a sterile
nuclease-free mortar and liquid nitrogen. The RNA extraction was carried out using the
SPLIT total mRINA extraction kit (Lexogen, Vienna, Austria); however the RNA sam-
ples from 2020 were extracted by the Génome Québec, McGill University (Montréal, QC,
Canada). RNA quality was assessed using a Nanodrop™ 2000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA), TapeSation 4200 RNA ScreenTape (Agilent, Santa
Clara, CA, USA) and 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) at Génome Québec
(Montréal, QC, Canada). Line 1 samples from 2021 did not pass RNA QC and were not
included in DE analysis. The EO mix of the Spike-in RNA variants (SIRVs) (Lexogen, Vi-
enna, Austria) were integrated with the RNA samples as controls to monitor and compare
parameters including sensitivity and quantification. Reverse transcription was carried out
by the Canadian Centre for Computational Genomics (Montréal, QC, Canada).

4.5. RNA-Sequencing

Paired-end sequence reads were assessed for RNA-seq quality control (QC) using
dupRadar [70] (Bioconductor, R) to analyze duplication rate across reads. Sample-level
read normalization was done using the rlog function from edgeR [71] prior to exploratory
data analysis (EDA) using R. Preseq [72] was used to estimate sequencing depth while
simultaneously scanning libraries for complexity.

For comprehensive RNA-seq read data evaluation, RSeQC [73,74] was used. Sub-
read featureCounts [75] was used to map reads to the Wm82.a2.v1 reference genome,
including genes, exons, promoters, gene bodies, and chromosomal locations. GenPipes is
the main in-house framework of the Canadian Centre for Computational Genomics used
to perform major processing steps [76]. Read alignment and mapping was done using
STAR [77]. Adapter sequences, primers, polyA tails etc., were removed using Cutadapt [78].
FastQC [79] was used to gain a comprehensive view of the sequence read counts, sequence
quality histograms, per-sequence and per-base quality scores, sequence length distribu-
tion, and overrepresented sequences. HTseq [80] was used to quantify expression on the
gene level.

4.6. Differential Expression (DE) Analysis

DESeq?2 [81] was used for DE analysis. For all DE analyses, the samples in Ottawa
were used as the control expression, and the western samples were used as experimental
expression (SF1B); therefore, when discussing the log?2 fold change (log2FC) difference
in expression, up- and downregulation of genes is describing the expression in the west
relative to Ottawa. In order to find the most likely candidate underlying the differences
in protein content across eastern and western growing regions, the gene(s) were most
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consistently DE sought out. An ideal candidate gene is consistently DE (1) across all years,

(2) in all 3 western locations, and (3) in the same DE orientation (up- or downregulated).
Accession numbers
Accession number type ID: Wm82.a2.0 and NCBI gene IDs
Glyma.04G198400 100790580
Glyma.04G198600  NA
Glyma.04G238100 100775822
Glyma.04G241400 100785977
Glyma.05G202700 100810946
Glyma.05G202600 100787235
Glyma.06G122200 100800304
Glyma.06G125800 100813119
Glyma.06G166800 100810426
Glyma.06G166900 100127405
Glyma.06G167000 100810962
Glyma.06G200800  NA
Glyma.08G009900 100801430
Glyma.08G010000 100805676
Glyma.08G025100 100802303
Glyma.08G360400 100799457
Glyma.09G043200 100808537
Glyma.12G234500 100776187
Glyma.13G041300 100785477
Glyma.13G037900 100777281
Glyma.13G169700 102666983
Glyma.13G264400 100305842
Glyma.14G120300 100799083
Glyma.14G159900 100782301
Glyma.14G160100 100785324
Glyma.15G149800 100776607
Glyma.15G210400 100798392
Glyma.15G211800 100790469
Glyma.18G301200 100779335
Glyma.19G009900 100811287
Glyma.20G082700 100782814
Glyma.09G119100  NA
Glyma.19G066300 100816986
Glyma.06G200200  NA

5. Conclusions

Using 88 individual DE analyses the DE of GmSWEET genes in ten soybean genotypes
grown in east and west locations of Canada were investigated. GmSWEET genes are
DE between east and west grown soybeans, indicating that there may be differences in
carbon allocation. Western-grown soybeans increase their expression of GmSWEET29
and GmSWEET34 (AtSWEET2 homologs). GmSWEET20 and GmSWEET12 (AtSWEET12
homologs) are downregulated in soybeans grown in the west. These findings are valuable
for future research to increase soybean protein in western Canada. It would be of scientific
interest to genetically modify expression of GmSWEET29 and GmSWEET34 in soybean
in such a way that the sugar transport channel is disrupted to determine whether protein
content, yield, or both would be affected.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11182337/s1. Table S1: SWEET gene log2FC (p-value < 0.05)
difference in expression between east and west for 10 soybean genotypes over 4 years. Figure S1:
Plot map and DE analysis pairwise comparison setup. Figure S2: Average relative humidity (%) of
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experimental farms from 2018-2021. Figure S3: Total precipitation (mm) during growing seasons
(mid-March to mid-November) for each experimental farm from 2018-2021.

Author Contributions: Investigation, data curation, validation, formal analysis, visualization, re-
sources, writing—original draft, writing—review and editing, J.C.H.; writing—original draft,
writing—review and editing, N.N.; investigation, resources, writing—review and editing, D.L.;
data curation, resources, formal analysis, visualization, validation, writing—review and editing,
G.Z,; investigation, resources, supervision, writing—review and editing, A.H.; investigation, re-
sources, supervision, writing—review and editing, R M.M.; investigation, resources, supervision,
writing—review and editing, T.D.W.; investigation, resources, writing—review and editing, A.].G.; in-
vestigation, resources, writing—review and editing, K.A.D.; investigation, resources, writing—review
and editing, B.B.; supervision, resources, formal analysis, writing—review and editing, FL.; supervi-
sion, writing—review and editing, A.G.; conceptualization, methodology, resources, writing—review
and editing, project administration, funding acquisition, E.R.C.; supervision, conceptualization,
methodology, resources, Final data analysis, writing—review and editing, project administration,
funding acquisition, B.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Agriculture and Agri-Food Canada and the Canadian Field
Crop Research Alliance (CFCRA).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to graciously thank the field crew at the farms in Ottawa, Morden,
Brandon, and Saskatoon. We would like to thank the Molecular Technology Lab at the Ottawa
Research and Development Centre for their help with this project, and with a special thank you
to Kasia Dadej. The authors would like to thank Agriculture and Agri-Food Canada (AAFC) and
the Canadian Field Crop Research Alliance for their financial support. We would also like to thank
Genome Québec (Montréal, Canada) for their contributions in RNA-sequencing. J.C.H. would like to
thank her friends and family for their support, particularly S.M.B, CE.C.H.,, M.RW., HH, and M.H.,
as well as her supervisors and lab-mates for their guidance and encouragement.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hickey, L.T.; Hafeez, A.N.; Robinson, H.; Jackson, S.A.; Leal-Bertioli, S.C.M.; Tester, M.; Gao, C.; Godwin, 1.D.; Hayes, B.J.;
Waulff, B.B.H. Breeding crops to feed 10 billion. Nat. Biotechnol. 2019, 37, 744-754. [CrossRef]

2. Ehrlich, PR.; Harte, ]. Opinion: To feed the world in 2050 will require a global revolution. Proc. Natl. Acad. Sci. USA 2015, 112,
14743-14744. [CrossRef]

3.  Godfray, H.C].; Beddington, ].R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.E; Pretty, J.; Robinson, S.; Thomas, S.M.;
Toulmin, C. Food Security: The Challenge of Feeding 9 Billion People. Science 2010, 327, 812-818. [CrossRef] [PubMed]

4. Rani, S.G.; Kumari, H.; Pati, P.; Naaz, S.; Prasad, T.; Kumari, R.; Qayyum, H.; Naaz, N.; Nitin, M. Recent approaches of systems
biology and omics in plant research. J. Curr. Opin. Crop Sci. 2021, 2, 288-305.

5. Ray, D.K.; Gerber, J.S.; MacDonald, G.K.; West, P.C. Climate variation explains a third of global crop yield variability. Nat.
Commun. 2015, 6, 5989. [CrossRef] [PubMed]

6. Ray, D.K.; Mueller, N.D.; West, P.C.; Foley, ].A. Yield trends are insufficient to double global crop production by 2050. PLoS ONE
2013, 8, e66428. [CrossRef] [PubMed]

7. Lobell, D.B.; Schlenker, W.; Costa-Roberts, J. Climate trends and global crop production since 1980. Science 2011, 333, 616—620.
[CrossRef] [PubMed]

8. Liu, K. Chemistry and Nutritional Value of Soybean Components BT—Soybeans: Chemistry, Technology, and Utilization; Liu, K., Ed.;
Springer: Boston, MA, USA, 1997; pp. 25-113. [CrossRef]

9. Huang, S.; Yu, J.; Li, Y.; Wang, ].; Wang, X.; Qi, H.; Xu, M.; Qin, H.; Yin, Z.; Mei, H,; et al. Identification of Soybean Genes Related
to Soybean Seed Protein Content Based on Quantitative Trait Loci Collinearity Analysis. |. Agric. Food Chem. 2019, 67, 258-274.
[CrossRef] [PubMed]

10. Natarajan, S.; Luthria, D.; Bae, H.; Lakshman, D.; Mitra, A. Transgenic Soybeans and Soybean Protein Analysis: An Overview. J.
Agric. Food Chem. 2013, 61, 11736-11743. [CrossRef]

11. Ma, Y,; Kan, G.; Zhang, X.; Wang, Y.; Zhang, W.; Du, H.; Yu, D. Quantitative Trait Loci (QTL) Mapping for Glycinin and

-Conglycinin Contents in Soybean (Glycine max L. Merr.). ]. Agric. Food Chem. 2016, 64, 3473-3483. [CrossRef]


http://doi.org/10.1038/s41587-019-0152-9
http://doi.org/10.1073/pnas.1519841112
http://doi.org/10.1126/science.1185383
http://www.ncbi.nlm.nih.gov/pubmed/20110467
http://doi.org/10.1038/ncomms6989
http://www.ncbi.nlm.nih.gov/pubmed/25609225
http://doi.org/10.1371/journal.pone.0066428
http://www.ncbi.nlm.nih.gov/pubmed/23840465
http://doi.org/10.1126/science.1204531
http://www.ncbi.nlm.nih.gov/pubmed/21551030
http://doi.org/10.1007/978-1-4615-1763-4_2
http://doi.org/10.1021/acs.jafc.8b04602
http://www.ncbi.nlm.nih.gov/pubmed/30525587
http://doi.org/10.1021/jf402148e
http://doi.org/10.1021/acs.jafc.6b00167

Plants 2022, 11, 2337 18 of 20

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yamada, T.; Mori, Y.; Yasue, K.; Maruyama, N.; Kitamura, K.; Abe, J. Knockdown of the 7S globulin subunits shifts distribution
of nitrogen sources to the residual protein fraction in transgenic soybean seeds. Plant Cell Rep. 2014, 33, 1963-1976. [CrossRef]
[PubMed]

Breene, W.M.; Lin, S.; Hardman, L.; Orf, ]. Protein and oil content of soybeans from different geographic locations. J. Am. Oil
Chem. Soc. 1988, 65, 1927-1931. [CrossRef]

Clemente, T.E.; Cahoon, E.B. Soybean Oil: Genetic Approaches for Modification of Functionality and Total Content. Plant Physiol.
2009, 151, 1030-1040. [CrossRef]

Canadian Grain Commission, Quality of Canadian Oilseed-Type Soybeans, Winnipeg, Manitoba. 2020. Available online:
https:/ /www.grainscanada.gc.ca/en/grain-research /export-quality / oilseeds /soybean-oil /2020 /pdf/Quality-Canadian-
Soybean-oilseed-type-2020.pdf (accessed on 20 May 2021).

Canadian Grain Commission, Quality of Canadian Oilseed-Type Soybeans, Winnipeg, Manitoba. 2019. Available online:
https:/ /www.grainscanada.gc.ca/en/grain-research/export-quality / oilseeds/soybean-o0il /2019 / pdf/report19.pdf (accessed on
5 January 2021).

Canadian Grain Commission, Quality of Canadian OILSEED-Type Soybeans, Winnipeg, Manitoba. 2021. Available online:
https:/ /publications.gc.ca/collections/ collection_2022/ccg-cgc/ A92-40-2021-eng.pdf (accessed on 22 June 2022).

Ort, N.; Morrison, M.; Cober, E.; McAndrew, D.; Lawley, Y. A comparison of soybean maturity groups for phenology, seed yield,
and seed quality components between eastern Ontario and southern Manitoba. Can. J. Plant Sci. 2022, 1-11. [CrossRef]

Chen, L-Q.; Hou, B.-H.; Lalonde, S.; Takanaga, H.; Hartung, M.L; Qu, X.-Q.; Guo, W.-J.; Kim, J.-G.; Underwood, W.,;
Chaudhuri, B.; et al. Sugar transporters for intercellular exchange and nutrition of pathogens. Nature 2010, 468, 527-532. [CrossRef]
Yao, T.; Gai, X.T.; Pu, Z.].; Gao, Y.; Xuan, Y.H. From Functional Characterization to the Application of SWEET Sugar Transporters
in Plant Resistance Breeding. J. Agric. Food Chem. 2022, 70, 5273-5283. [CrossRef]

Xuan, Y.H.; Hu, Y.B.; Chen, L.-Q.; Sosso, D.; Ducat, D.C.; Hou, B.-H.; Frommer, W.B. Functional role of oligomerization for
bacterial and plant SWEET sugar transporter family. Proc. Natl. Acad. Sci. USA 2013, 110, E3685-E3694. [CrossRef]

Tao, Y.; Cheung, L.S.; Li, S.; Eom, ].-S.; Chen, L.-Q.; Xu, Y.Y,; Perry, KK.; Frommer, W.B.; Feng, L. Structure of a eukaryotic SWEET
transporter in a homotrimeric complex. Nature 2015, 527, 259-263. [CrossRef] [PubMed]

Chen, L.-Q.; Qu, X.-Q.; Hou, B.-H.; Sosso, D.; Osorio, S.; Fernie, A.R.; Frommer, W.B. Sucrose Efflux Mediated by SWEET Proteins
as a Key Step for Phloem Transport. Science 2012, 335, 207-211. [CrossRef]

Chen, H.-Y.; Huh, J.-H.; Yu, Y.-C.; Ho, L.-H.; Chen, L.-Q.; Tholl, D.; Frommer, W.B.; Guo, W.-J. The Arabidopsis vacuolar sugar
transporter SWEET?2 limits carbon sequestration from roots and restricts Pythium infection. Plant ]. 2015, 83, 1046-1058. [CrossRef]
Yuan, M.; Wang, S. Rice MtN3/Saliva/SWEET Family Genes and Their Homologs in Cellular Organisms. Mol. Plant 2013, 6,
665—674. [CrossRef]

Patil, G.; Valliyodan, B.; Deshmukh, R.; Prince, S.; Nicander, B.; Zhao, M.; Sonah, H.; Song, L.; Lin, L.; Chaudhary, J.; et al.
Soybean (Glycine max) SWEET gene family: Insights through comparative genomics, transcriptome profiling and whole genome
re-sequence analysis. BMC Genom. 2015, 16, 520-536. [CrossRef] [PubMed]

Gautam, T.; Saripalli, G.; Gahlaut, V.; Kumar, A.; Sharma, PK.; Balyan, H.S.; Gupta, PK. Further studies on sugar transporter
(SWEET) genes in wheat (Triticum aestivum L.). Mol. Biol. Rep. 2019, 46, 2327-2353. [CrossRef] [PubMed]

Li, H,; Li, X.; Xuan, Y; Jiang, J.; Wei, Y.; Piao, Z. Genome Wide Identification and Expression Profiling of SWEET Genes Family
Reveals Its Role during Plasmodiophora brassicae-Induced Formation of Clubroot in Brassica rapa. Front. Plant Sci. 2018, 9, 207.
Available online: https://www.frontiersin.org/article/10.3389/fpls.2018.00207 (accessed on 21 May 2022). [CrossRef] [PubMed]
Wang, S.; Liu, S.; Wang, J.; Yokosho, K.; Zhou, B.; Yu, Y.-C.; Liu, Z.; Frommer, W.B.; Ma, J.E; Chen, L.-Q.; et al. Simultaneous
changes in seed size, oil content and protein content driven by selection of SWEET homologues during soybean domestication.
Natl. Sci. Rev. 2020, 7, 1776-1786. [CrossRef]

Duan, Z.; Zhang, M.; Zhang, Z.; Liang, S.; Fan, L.; Yang, X.; Yuan, Y.; Pan, Y.; Zhou, G.; Liu, S.; et al. Natural allelic variation of
GmSTO05 controlling seed size and quality in soybean. Plant Biotechnol. ]. 2022, 20, 1807-1818. [CrossRef]

Zhang, H.; Goettel, W.; Song, Q.; Jiang, H.; Hu, Z.; Wang, M.L.; An, Y.-Q.C. Selection of GmSWEET39 for oil and protein
improvement in soybean. PLoS Genet. 2020, 16, €1009114. [CrossRef]

Rotundo, J.L.; Westgate, M.E. Meta-analysis of environmental effects on soybean seed composition. Field Crop. Res. 2009, 110,
147-156. [CrossRef]

Cober, E.R.; Voldeng, H.D. Developing High-Protein, High-Yield Soybean Populations and Lines. Crop Sci. 2000, 40, 39-42.
[CrossRef]

Borisjuk, L.; Nguyen, T.H.; Neuberger, T.; Rutten, T.; Tschiersch, H.; Claus, B.; Feussner, I.; Webb, A.G.; Jakob, P.; Weber, H.; et al.
Gradients of lipid storage, photosynthesis and plastid differentiation in developing soybean seeds. New Phytol. 2005, 167, 761-776.
[CrossRef]

Rawsthorne, S. Carbon flux and fatty acid synthesis in plants. Prog. Lipid Res. 2001, 41, 182-196. [CrossRef]

Eom, J.-S.; Chen, L.-Q.; Sosso, D.; Julius, B.T.; Lin, I.; Qu, X.-Q.; Braun, D.M.; Frommer, W.B. SWEETS, transporters for intracellular
and intercellular sugar translocation. Curr. Opin. Plant Biol. 2015, 25, 53—62. [CrossRef] [PubMed]

Ji,].; Yang, L.; Fang, Z.; Zhang, Y.; Zhuang, M.; Lv, H.; Wang, Y. Plant SWEET Family of Sugar Transporters: Structure, Evolution
and Biological Functions. Biomolecules 2022, 12, 205. [CrossRef] [PubMed]


http://doi.org/10.1007/s00299-014-1671-y
http://www.ncbi.nlm.nih.gov/pubmed/25120001
http://doi.org/10.1007/BF02546009
http://doi.org/10.1104/pp.109.146282
https://www.grainscanada.gc.ca/en/grain-research/export-quality/oilseeds/soybean-oil/2020/pdf/Quality-Canadian-Soybean-oilseed-type-2020.pdf
https://www.grainscanada.gc.ca/en/grain-research/export-quality/oilseeds/soybean-oil/2020/pdf/Quality-Canadian-Soybean-oilseed-type-2020.pdf
https://www.grainscanada.gc.ca/en/grain-research/export-quality/oilseeds/soybean-oil/2019/pdf/report19.pdf
https://publications.gc.ca/collections/collection_2022/ccg-cgc/A92-40-2021-eng.pdf
http://doi.org/10.1139/cjps-2021-0235
http://doi.org/10.1038/nature09606
http://doi.org/10.1021/acs.jafc.2c00582
http://doi.org/10.1073/pnas.1311244110
http://doi.org/10.1038/nature15391
http://www.ncbi.nlm.nih.gov/pubmed/26479032
http://doi.org/10.1126/science.1213351
http://doi.org/10.1111/tpj.12948
http://doi.org/10.1093/mp/sst035
http://doi.org/10.1186/s12864-015-1730-y
http://www.ncbi.nlm.nih.gov/pubmed/26162601
http://doi.org/10.1007/s11033-019-04691-0
http://www.ncbi.nlm.nih.gov/pubmed/30830588
https://www.frontiersin.org/article/10.3389/fpls.2018.00207
http://doi.org/10.3389/fpls.2018.00207
http://www.ncbi.nlm.nih.gov/pubmed/29541081
http://doi.org/10.1093/nsr/nwaa110
http://doi.org/10.1111/pbi.13865
http://doi.org/10.1371/journal.pgen.1009114
http://doi.org/10.1016/j.fcr.2008.07.012
http://doi.org/10.2135/cropsci2000.40139x
http://doi.org/10.1111/j.1469-8137.2005.01474.x
http://doi.org/10.1016/S0163-7827(01)00023-6
http://doi.org/10.1016/j.pbi.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25988582
http://doi.org/10.3390/biom12020205
http://www.ncbi.nlm.nih.gov/pubmed/35204707

Plants 2022, 11, 2337 19 of 20

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Grant, D.; Nelson, R.T.; Cannon, S.B.; Shoemaker, R.C. SoyBase, the USDA-ARS soybean genetics and genomics database. Nucleic
Acids Res. 2010, 38, D843-D846. [CrossRef]

Lin, LW.; Sosso, D.; Chen, L.-Q.; Gase, K.; Kim, S.-G.; Kessler, D.; Klinkenberg, PM.; Gorder, M.K.; Hou, B.-H.; Qu, X.-Q.; et al.
Nectar secretion requires sucrose phosphate synthases and the sugar transporter SWEET9. Nature 2014, 508, 546-549. [CrossRef]
[PubMed]

Xu, Y,; Tao, Y,; Cheung, L.S.; Fan, C.; Chen, L.-Q.; Xu, S.; Perry, K.; Frommer, W.B.; Feng, L. Structures of bacterial homologues of
SWEET transporters in two distinct conformations. Nature 2014, 515, 448-452. [CrossRef] [PubMed]

Guo, W.-]; Nagy, R.; Chen, H.-Y,; Pfrunder, S.; Yu, Y.-C.; Santelia, D.; Frommer, W.B.; Martinoia, E. SWEET17, a Facilitative
Transporter, Mediates Fructose Transport across the Tonoplast of Arabidopsis Roots and Leaves. Plant Physiol. 2014, 164, 777-789.
[CrossRef] [PubMed]

Kiers, E.T.; Duhamel, M.; Beesetty, Y.; Mensah, J.A.; Franken, O.; Verbruggen, E.; Fellbaum, C.R.; Kowalchuk, G.A.; Hart, M.M,;
Bago, A.; et al. Reciprocal Rewards Stabilize Cooperation in the Mycorrhizal Symbiosis. Science 2011, 333, 880-882. [CrossRef]
Libault, M.; Farmer, A.; Joshi, T.; Takahashi, K.; Langley, R.J.; Franklin, L.D.; He, J.; Xu, D.; May, G.; Stacey, G. An integrated
transcriptome atlas of the crop model Glycine max, and its use in comparative analyses in plants. Plant . 2010, 63, 86-99.
[CrossRef]

Libault, M.; Farmer, A.; Brechenmacher, L.; Drnevich, J.; Langley, R.J.; Bilgin, D.D.; Radwan, O.; Neece, D.J.; Clough, S.J.;
May, G.D.; et al. Complete Transcriptome of the Soybean Root Hair Cell, a Single-Cell Model, and Its Alteration in Response to
Bradyrhizobium japonicum Infection. Plant Physiol. 2010, 152, 541-552. [CrossRef] [PubMed]

Blanc, G.; Wolfe, K.H. Widespread paleopolyploidy in model plant species inferred from age distributions of duplicate genes.
Plant Cell 2004, 16, 1667-1678. [CrossRef] [PubMed]

Shoemaker, R.; Keim, P.; Vodkin, L.; Retzel, E.; Clifton, S.W.; Waterston, R.; Smoller, D.; Coryell, V.; Khanna, A.; Erpelding, J.; et al.
A compilation of soybean ESTs: Generation and analysis. Genome 2002, 45, 329-338. [CrossRef]

Shoemaker, R.C.; Polzin, K.; Labate, J.; Specht, J.; Brummer, E.C.; Olson, T.; Young, N.; Concibido, V.; Wilcox, J.; Tamulonis, ].; et al.
Genome Duplication in Soybean (Glycine subgenus soja). Genetics 1996, 144, 329-338. [CrossRef]

Tian, A.; Wang, J.; Cui, P; Han, Y.-J.; Xu, H.; Cong, L.-].; Huang, X.-G.; Wang, X.-L.; Jiao, Y.-Z.; Wang, B.-].; et al. Characterization of
soybean genomic features by analysis of its expressed sequence tags. Theor. Appl. Genet. 2004, 108, 903-913. [CrossRef] [PubMed]
Le Hir, R.; Spinner, L.; Klemens, PA.W.; Chakraborti, D.; de Marco, F; Vilaine, F; Wolff, N.; Lemoine, R.; Porcheron, B,;
Géry, C.; et al. Disruption of the Sugar Transporters AtSWEET11 and AtSWEET12 Affects Vascular Development and Freezing
Tolerance in Arabidopsis. Mol. Plant 2015, 8, 1687-1690. [CrossRef] [PubMed]

Chen, L.-Q.; Lin, LW.; Qu, X.-Q.; Sosso, D.; McFarlane, H.; Londofio, A.; Samuels, A.L.; Frommer, W.B. A Cascade of Sequentially
Expressed Sucrose Transporters in the Seed Coat and Endosperm Provides Nutrition for the Arabidopsis Embryo. Plant Cell 2015,
27,607-619. [CrossRef]

Andriotis, V.; Pike, M.].; Schwarz, S.L.; Rawsthorne, S.; Wang, T.L.; Smith, A.M. Altered Starch Turnover in the Maternal Plant
Has Major Effects on Arabidopsis Fruit Growth and Seed Composition. Plant Physiol. 2012, 160, 1175-1186. [CrossRef] [PubMed]
Ma, L.; Zhang, D.; Miao, Q.; Yang, J.; Xuan, Y.; Hu, Y. Essential Role of Sugar Transporter OsSWEET11 during the Early Stage of
Rice Grain Filling. Plant Cell Physiol. 2017, 58, 863-873. [CrossRef]

Yang, J.; Luo, D.; Yang, B.; Frommer, W.B.; Eom, J. SWEET 11 and 15 as key players in seed filling in rice. New Phytol. 2018, 218,
604-615. [CrossRef] [PubMed]

Wang, S.; Yokosho, K.; Guo, R.; Whelan, ]J.; Ruan, Y.-L.; Ma, ].E; Shou, H. The Soybean Sugar Transporter GmSWEET15 Mediates
Sucrose Export from Endosperm to Early Embryo. Plant Physiol. 2019, 180, 2133-2141. [CrossRef] [PubMed]

Valifard, M.; Le Hir, R.; Miiller, J.; Scheuring, D.; Neuhaus, H.E.; Pommerrenig, B. Vacuolar fructose transporter SWEET17 is
critical for root development and drought tolerance. Plant Physiol. 2021, 187, 2716-2730. [CrossRef] [PubMed]

Lu, J.H.; Bai, L.; Qin, Q.P;; Li, N.Y. Isolation and Comparison of Eight SWEET17 Genes from Six Loquat Cultivars. Russ. J. Plant
Physiol. 2020, 67, 1063-1075. [CrossRef]

Sonah, H.; O'Donoughue, L.; Cober, E.; Rajcan, I.; Belzile, F. Identification of loci governing eight agronomic traits using a
GBS-GWAS approach and validation by QTL mapping in soya bean. Plant Biotechnol. J. 2015, 13, 211-221. [CrossRef]

Liu, Z.; Fan, H.; Ma, Z. Comparison of SWEET gene family between maize and foxtail millet through genomic, transcriptomic,
and proteomic analyses. Plant Genome 2022, 1-25. [CrossRef]

Sosso, D.; Luo, D.; Li, Q.-B.; Sasse, J.; Yang, J.; Gendrot, G.; Suzuki, M.; Koch, K.E.; Mccarty, D.R.; Chourey, P.S; et al. Seed filling
in domesticated maize and rice depends on SWEET-mediated hexose transport. Nat. Genet. 2015, 47, 1489-1493. [CrossRef]
Cober, E.R.; Daba, T.D.; Warkentin, A.K.; Tomasiewicz, D.J.; Mooleki, P.S.; Karppinen, E.M.; Frey, J.; Mohr, RM.; Glenn, A.J.;
Shaw, L.; et al. Soybean Seed Protein Content Is Lower but Protein Quality Is Higher in Western Canada Compared to Eastern
Canada. Can. J. Plant Sci. 2022; accepted with revisions.

Kuzyakov, Y.; Jones, D. Glucose uptake by maize roots and its transformation in the rhizosphere. Soil Biol. Biochem. 2006, 38,
851-860. [CrossRef]

Tylka, G.L.; Marett, C.C. Known Distribution of the Soybean Cyst Nematode, Heterodera glycines, in the United States and Canada
in 2020. Plant Health Prog. 2021, 22, 72-74. [CrossRef]

Tylka, G.L.; Marett, C.C. Known Distribution of the Soybean Cyst Nematode, Heterodera glycines, in the United States and Canada,
1954 to 2017. Plant Health Prog. 2017, 18, 167-168. [CrossRef]


http://doi.org/10.1093/nar/gkp798
http://doi.org/10.1038/nature13082
http://www.ncbi.nlm.nih.gov/pubmed/24670640
http://doi.org/10.1038/nature13670
http://www.ncbi.nlm.nih.gov/pubmed/25186729
http://doi.org/10.1104/pp.113.232751
http://www.ncbi.nlm.nih.gov/pubmed/24381066
http://doi.org/10.1126/science.1208473
http://doi.org/10.1111/j.1365-313X.2010.04222.x
http://doi.org/10.1104/pp.109.148379
http://www.ncbi.nlm.nih.gov/pubmed/19933387
http://doi.org/10.1105/tpc.021345
http://www.ncbi.nlm.nih.gov/pubmed/15208399
http://doi.org/10.1139/g01-150
http://doi.org/10.1093/genetics/144.1.329
http://doi.org/10.1007/s00122-003-1499-2
http://www.ncbi.nlm.nih.gov/pubmed/14624337
http://doi.org/10.1016/j.molp.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26358680
http://doi.org/10.1105/tpc.114.134585
http://doi.org/10.1104/pp.112.205062
http://www.ncbi.nlm.nih.gov/pubmed/22942388
http://doi.org/10.1093/pcp/pcx040
http://doi.org/10.1111/nph.15004
http://www.ncbi.nlm.nih.gov/pubmed/29393510
http://doi.org/10.1104/pp.19.00641
http://www.ncbi.nlm.nih.gov/pubmed/31221732
http://doi.org/10.1093/plphys/kiab436
http://www.ncbi.nlm.nih.gov/pubmed/34597404
http://doi.org/10.1134/S1021443720060138
http://doi.org/10.1111/pbi.12249
http://doi.org/10.1002/tpg2.20226
http://doi.org/10.1038/ng.3422
http://doi.org/10.1016/j.soilbio.2005.07.012
http://doi.org/10.1094/PHP-10-20-0094-BR
http://doi.org/10.1094/PHP-05-17-0031-BR

Plants 2022, 11, 2337 20 of 20

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.
79.

80.

81.

Zhang, L.X,; Kyei-Boahen, S.; Zhang, J.; Zhang, M.H.; Freeland, T.B.; Watson, C.E.; Liu, X. Modifications of Optimum Adaptation
Zones for Soybean Maturity Groups in the USA. Crop Manag. 2007, 6, 1-11. [CrossRef]

Scott, W.; Aldrich, S.R. Modern Soybean Production; S & A Publications: Champaign, IL, USA, 1970.

Voldeng, H.D.; Guillemette, R.J.D.; Leonard, D.A.; Cober, E.R. AC Harmony soybean. Can. ]. Plant Sci. 1996, 76, 477-478.
[CrossRef]

Cober, E.R,; Bing, HD.V.D.; Soper, RJ.D.G].; Sloan, A.; Hedges, B.R. 90A01 soybean. Can. ]. Plant Sci. 2006, 86, 481-482.
[CrossRef]

Voldeng, H.D.; Guillemette, R.].D.; Leonard, D.A.; Cober, E.R. AC Proteus soybean. Can. |. Plant Sci. 1996, 76, 153—-154. [CrossRef]
Pedersen, P,; Licht, M. Soybean Growth and Development, PM 1945; Iowa State University Extension: Ames, IA, USA, 2014.
Sayols, S.; Scherzinger, D.; Klein, H. dupRadar: A Bioconductor package for the assessment of PCR artifacts in RNA-Seq data.
BMC Bioinform. 2016, 17, 428-433. [CrossRef] [PubMed]

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139-140. [CrossRef] [PubMed]

Daley, T.; Deng, C.; Li, T.; Smith, A. The Preseq Manual; The Smith Lab: Los Angeles, CA, USA, 2022; pp. 1-24. Available online:
http:/ /smithlabresearch.org/manuals/preseqmanual.pdf (accessed on 25 April 2022).

Wang, L.; Nie, J.; Sicotte, H.; Li, Y.; Eckel-Passow, J.E.; Dasari, S.; Vedell, PT.; Barman, P; Wang, L.; Weinshiboum, R.; et al.
Measure transcript integrity using RNA-seq data. BMC Bioinform. 2016, 17, 58-74. [CrossRef] [PubMed]

Wang, L.; Wang, S.; Li, W. RSeQC: Quality control of RNA-seq experiments. Bioinformatics 2012, 28, 2184-2185. [CrossRef]

Liao, Y.; Smyth, G.K.; Shi, W. feature Counts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923-930. [CrossRef] [PubMed]

Bourgey, M.; Dali, R.; Eveleigh, R.; Chen, K.C.; Letourneau, L.; Fillon, J.; Michaud, M.; Caron, M.; Sandoval, J.; Lefebvre, F,; et al.
GenPipes: An open-source framework for distributed and scalable genomic analyses. GigaScience 2019, 8, giz037. [CrossRef]
[PubMed]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. |. 2011, 17, 10-12. [CrossRef]
Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 6 July 2021).

Anders, S.; Pyl, PT.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 2015,
31, 166-169. [CrossRef] [PubMed]

Love, M.L;; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550-571. [CrossRef] [PubMed]


http://doi.org/10.1094/CM-2007-0927-01-RS
http://doi.org/10.4141/cjps96-086
http://doi.org/10.4141/P05-187
http://doi.org/10.4141/cjps96-031
http://doi.org/10.1186/s12859-016-1276-2
http://www.ncbi.nlm.nih.gov/pubmed/27769170
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://smithlabresearch.org/manuals/preseqmanual.pdf
http://doi.org/10.1186/s12859-016-0922-z
http://www.ncbi.nlm.nih.gov/pubmed/26842848
http://doi.org/10.1093/bioinformatics/bts356
http://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
http://doi.org/10.1093/gigascience/giz037
http://www.ncbi.nlm.nih.gov/pubmed/31185495
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.14806/ej.17.1.200
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281

	Introduction 
	Results 
	Seed Protein, Seed Oil Content, and Yield 
	Quality Control 
	SWEET Family Analysis 
	GmSWEET29 Is Persistently Upregulated in Soybeans Grown in West Locations 
	GmSWEET20 and GmSWEET34 Show Some DE between East and West Locations 
	Glyma.09G119100, Glyma.19G066300, Glyma.06G200200 Are AtSWEET17 Homologs 
	Top DE SWEET Genes between East and West 
	Weather Report 

	Discussion 
	GmSWEET29 Is an AtSWEET2 Homolog and Is Upregulated in Soybeans Grown in the West 
	GmSWEET34 Is a GmSWEET29 Paralog and a AtSWEET2 Homolog 
	GmSWEET20, a AtSWEET12 Homolog, Is Downregulated in the West 
	Glyma.06G200200, Glyma.09G119100, and Glyma.19G066300 May Be SWEET-like Proteins 
	GmSWEET39 Is Not DE between Eastern and Western-Grown Soybeans in Canada 
	SWEET Genes Have Been Shown to Influence Yield 
	Abiotic and Biotic Considerations 

	Materials and Methods 
	G. max Lines 
	Planting and Growth 
	Sampling and Seed Content Measurements 
	RNA Extraction and cDNA Library Preparation 
	RNA-Sequencing 
	Differential Expression (DE) Analysis 

	Conclusions 
	References

