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Abstract Gene expression in plants is primarily modulated
by the promoter region, which is located upstream of the
gene coding region. Specific regulatory sequences within the
promoter region contribute to the strength, tissue specificity,
timing and duration of gene expression. In this study, pro-
moter regions were isolated from 40 different soybean
(Glycine max) genes that were grouped into five distinct
categories, based on the localization of native gene expres-
sion (constitutively expressed genes, root-preferentially
expressed genes, seed-preferentially expressed genes), or
the associated biological processes of native gene expres-
sion (fatty-acid biosynthesis pathway associated genes, and
WRKY transcription factor genes). Each of the promoters
was placed upstream of the green fluorescent protein coding
sequence and promoter functionality was then assessed
using transient expression analysis following particle bom-
bardment of lima bean (Phaseolus lunatus) cotyledons, as
well as stable expression analysis following Agrobacterium
rhizogenes induction of soybean hairy roots. Surprisingly,
promoter strength was relatively consistent using the two
different validation methods while tissue specific expression
was not observed, likely due to a combination of the target
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tissue, the large amount of DNA that was introduced and
minimal epigenetic effects. The differences in gene
expression within members of each promoter group indi-
cates that promoters need to be characterized in a transgenic
environment, rather than relying on expression predicted
using native gene expression profiles. This systematic
approach into the characterization of native soybean pro-
moters adds to the knowledge base of soybean gene regu-
lation and the toolbox of promoters for plant biotechnology.
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Introduction

The promoter region in plants is located upstream of the
transcription start site of a gene and is mostly responsible
for the specificity and intensity of gene expression. A
variety of sequence motifs that function as cis-regulatory
elements flank the core promoter region and contribute to
regulation of the gene. Most of these identified regulatory
elements measure from 6 to 10 nucleotides long (Odell
et al. 1985; Higo et al. 1999), but longer element motifs
have also been identified (Hernandez-Garcia and Finer
2016; Korku¢ et al. 2014). These regulatory elements
recruit transcription factors, which may independently or
synergistically modulate gene expression (Hernandez-
Garcia and Finer 2014; Potenza et al. 2004). Whether in
native plant genes or in transgenes of genetically engi-
neered plants, the promoter region is central in determining
the location and condition of gene expression.

The Cauliflower Mosaic Virus 35S (35S) promoter is the
most commonly used promoter in plant biotechnology
research. It is a strong, constitutive promoter, which was
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isolated from a plant virus and yields relatively high and
constitutive expression in many plants (Odell et al. 1985;
Benfey and Chua 1989). The first generations of com-
mercialized transgenic plants with resistance to herbicide
and insects, as well as many other experimental transgenic
plants utilized transgenes modulated by strong, constitutive
promoters (Christensen et al. 1992; Hernandez-Garcia et al.
2009, 2010a; Mann et al. 2011; Wang and Oard 2003;
Zhang et al. 1991). However, given the possible metabolic
burden and detrimental effects associated with strong,
constitutive, non-native promoters on plant development
and crop yield (Al-Kaff et al. 1998; McCabe et al. 1999;
Park et al. 1996), the modulation of transgenes using native
promoters with precisely tailored gene expression or using
synthetic promoters, composed of novel combinations of
cis-regulatory elements, may be appropriate alternatives
(Hernandez-Garcia and Finer 2014; Rushton et al. 2002;
Shiel et al. 2014).

The recent availability of the soybean genome has has-
tened the process of soybean promoter identification (Sch-
mutz et al. 2010). To date, several native soybean promoters
with varying expression strengths and spatio-temporal
activity have been isolated and characterized through trans-
gene expression (Guo et al. 2011; Hernandez-Garcia et al.
2010a; Li et al. 2012, 2014; Zhang et al. 2015; Zhang and
Finer 2015). The present study highlights the characterization
of 40 soybean promoters that are grouped into five distinct
categories (thematic gene groups) based on the localization of
native gene expression (constitutive genes for GmCons, root-
preferential genes for GmRoot, seed-preferential genes for
GmSeed), and the associated biological processes of native
gene expression (genes belonging to the fatty-acid biosyn-
thesis pathway for GmFAB, genes encoding WRKY tran-
scription factors for GmWRKY). In this study, the green
fluorescent protein (gfp) gene was placed under regulatory
control of each promoter and assayed using two distinct,
complementary promoter validation systems. The utility of
the two systems, transient expression system using lima bean
cotyledons and stable expression system using soybean hairy
roots, have been previously described, and are useful for rapid
assessment of promoter activity (Hernandez-Garcia et al.
2010a). Several soybean promoters were identified that direct
expression levels higher or comparable to the 35S promoter.
These promoters hold great promise for new strategies to
express transgenes in soybean and other plants.

Materials and methods
Promoter cloning

To develop a toolbox of soybean (Glycine max) promoters,
genes were first identified across five diverse gene groups
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(Table 1). These groups were selected based on either gene
expression profile (constitutive, root-specific, seed-speci-
fic) or the function of the gene product (fatty acid
biosynthesis-associated, WRKY). Genes from the G. max
constitutive-expression group (GmCons) were previously
identified from a set of soybean genes with relatively
consistent transcript levels under diverse conditions
(Libault et al. 2008). Genes from the G. max root-specific
expression group (GmRoot) were also identified from
soybean genes with specific expression in roots (Libault
et al. 2010). The G. max seed specific gene group
(GmSeed) was identified by back-translating forty amino
acids at the N-terminus of previously documented soybean
seed-targeted proteins (Kalinski et al. 1989; Natarajan et al.
2007; Perez-Grau and Goldberg 1989; Vodkin and Raikhel
1986) using Phytozome BLAST (http://phytozome.jgi.doe.
gov/pz/portal.html). The genes for the G. max fatty acid
biosynthesis-associated group (GmFAB) were selected
from a prioritized list of genes identified as homologous to
genes functioning in fatty acid biosynthesis (Bates et al.
2013) and co-localized to quantitative trait loci for fatty
acid composition of the seed (http://www.soybase.org).
The G. max WRKY transcription factor genes (GmWRKY)
were previously identified, based on the WRKY coding
sequence (Rushton et al. 2010, 2012).

Promoter DNA sequences, located upstream of the
native start codon, were identified from soybean (G. max
cv. ‘Williams 82’) through the Phytozome soybean genome
database (http://phytozome.jgi.doe.gov/pz/portal.html). Put
ative promoter regions were then PCR-amplified using a
Failsafe™ PCR kit (Epicentre, Madison, WI) from soy-
bean (G. max cv. ‘Jack’) genomic DNA with specific pri-
mers (Online Resource 1), which were designed to contain
one restriction site on each end of the promoter amplicon,
to allow for directional cloning (HindIIl/Pstl/Sall site for 5’
primers, Ncol/Sphl site for 3’ primers). Restriction sites
were selected, based on the presence/absence of sites
within the predicted promoter sequence. Isolated promoters
ranged from 0.8 to 2.7 kb (Table 1), to generate genomic
fragments that did not extend into adjacent predicted genes,
while also avoiding long AT-rich sequences. PCR ampli-
fication conditions were 5 min at 94 °C, followed by 30
cycles (30 s at 94 °C, 30 s at 54 °C, and 4 min at 68 °C),
ending with a 10 °C hold. Promoter amplicons were visu-
alized using gel electrophoresis, and sequenced to confirm
the identity of the promoter (Online Resource 2). Pro-
moters were then cloned and analyzed as previously
described (Hernandez-Garcia et al. 2010a). In brief, pro-
moter amplicons were purified and concentrated using a
DNA Clean and Concentrator™ kit (Zymo Research,
Irvine, CA), digested with appropriate restriction enzymes
and then inserted into the promoter cloning vector, pFLEV
(Finer Laboratory Expression Vector; Hernandez Garcia
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Table 1 Soybean promoters and their Gene IDs sorted by thematic group

Promoter Size (bp) Gene ID Gene functional annotation
Williams82.al.v1 Williams82.a2.v1
GmCons4 1074 Glymal2g02310 Glyma.12G020500 Unknown
GmCons6 1427 Glymal2g05510 Glyma.12G051100 F-box only protein
GmCons10 1511 Glyma05g37860 Glyma.05G207500 Tubulin
GmRootl 1541 Glymal2g07370 Glyma.12G068900 Fascilin-like arabinogalactan protein 11
GmRoot2 1531 Glymal5g02510 Glyma.15G021800 Leucine-rich repeat, protein kinase related
GmRoot3 1411 Glymal1g36050 Glyma.11G236700 Unknown
GmRoot5 2557 Glymal2g29980 Glyma.12G176200 Unknown
GmRoot6 1251 Glyma07g12210 Glyma.07G124400 Oxidoreductase, 20G-FE II Oxygenase family protein
GmRoot7 1492 Glyma20g36300 Glyma.20G220800 Germin-like protein subfamily 1 member 10-related
GmRoot8 1434 Glymal2g08251 Glyma.12G077600 Unknown
GmSeed2 1398 Glyma03g32030 Glyma.03G163500 12S Seed storage protein CRA1-related
GmSeed3 1398 Glyma08g12270 Glyma.08G116300 Cysteine protease family Cl-related
GmSeed5 1478 Glymal3g18450 Glyma.13G123500 12S Seed storage protein CRA1-related
GmSeed6 1493 Glymal0g04280 Glyma.10G037100 12S Seed storage protein CRA1-related
GmSeed7 1608 Glyma01g10900 Glyma.01G095000 Kunitz family trypsin and protease inhibitor protein-related
GmSeed8 1510 Glyma0Olgl11640 Glyma.01G096200 Kunitz family trypsin and protease inhibitor protein-related
GmSeed10 1545 Glyma02g01590 Glyma.02G012600 Legume lectin domain
GmSeedl11 1520 Glyma20g28650 Glyma.20G148400 Cupin, functional in storage of nutritious substrates
GmSeed12 1371 Glymal0g39160 Glyma.10G246400 Unknown
GmFAB1 1448 Glyma08g46360 Glyma.08G349200 Oleoyl-acyl carrier protein thioesterase
GmFAB2 1474 Glyma05g25970 Gylma.05G129600 3-oxoacyl-(acyl-carrier protein) synthase
GmFAB3 836 Glymal0g04680 Glyma.10G041100 3-oxoacyl-(acyl-carrier protein) synthase
GmFABS5 1268 Glyma01g43470 Glyma.01G225200 CDP-diacylglycerol-inositol 3-phosphatidyltransferase
GmFABS 1697 Glymal3g17290 Glyma.13G112700 Beta-ketoacyl-(acyl-carrier protein) synthase II
GmFAB9 1465 Glyma02g36460 Glyma.02G203300 Omega-6 fatty acid desaturase, chloroplastic
GmFAB10 2724 Glymal7g12940 Glyma.17G120400 Palmitoyl-acyl carrier protein thioesterase, chloroplastic
GmFABI11 2558 Glyma05g08060 Glyma.05G012300 Palmitoyl-acyl carrier protein thioesterase, chloroplastic
GmFAB17 1482 Glymal4g37350 Glyma.14G194300 Involved in chemical reactions and pathways involving lipids
GmWRKY13 1389 Glymal3g00380 Glyma.13G102000 WRKY transcription factor
GmWRKY17 1471 Glyma06g06530 Glyma.06G061900 WRKY transcription factor
GmWRKY21 1416 Glyma04g39650 Glyma.04G218700 WRKY transcription factor
GmWRKY27 1359 Glymal5g00570 Glyma.15G003300 WRKY transcription factor
GmWRKY43 1347 Glyma03g41750 Glyma.03G256700 WRKY transcription factor
GmWRKY54 1321 Glymal0g01450 Glyma.10G011300 WRKY transcription factor
GmWRKY67 1819 Glymal3g44730 Glyma.13G370100 WRKY transcription factor
GmWRKY79 1313 Glyma02g12490 Glyma.02G112100 WRKY transcription factor
GmWRKY80 1732 Glymal8g49830 Glyma.18G263400 WRKY transcription factor
GmWRKYS82 1506 Glymal4gl11920 Glyma.14G102900 WRKY transcription factor
GmWRKYS85 1537 Glymal9g40560 Glyma.19G217800 WRKY transcription factor
GmWRKY 162 1468 Glymal9g44380 Glyma.19G254800 WRKY transcription factor

et al. 2010a; Genbank Accession no. KX156843.1), which
was used for transient expression analysis. The pFLEV
plasmid contained a promoter cloning region, upstream of
smRSGFP coding region (Chiu et al. 1996) and the NOS
terminator. The fragment from pFLEV, containing the
promoter:gfp:NOS terminator,

was isolated following

digestion with the appropriate restriction enzymes, and
inserted into compatibly-digested pCAMBIA1300 (CAM-
BIA, Canberra, Australia), which was introduced into
Agrobacterium rhizogenes (Strain K599) for production of
soybean hairy roots. All promoter:gfp:NOS terminator
fragments were directionally inserted into pCAMBIA1300
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with the promoter:gfp:NOS terminator fragment always
upstream and in the same orientation as the 35S pro-
moter:Apt:NOS  terminator (Hernandez-Garcia et al.
2010a).

Transient expression analysis of promoters in lima
bean cotyledons

Each soybean promoter as well as the 35S promoter in
pFLEV was introduced into lima bean (Phaseolus lunatus
cv. ‘Henderson Bush’) cotyledonary tissues via particle
bombardment (3 cotyledons per construct) and monitored
for GFP expression as previously described (Hernandez-
Garcia et al. 2010a, b) with slight modifications. In brief,
lima bean seeds were surface sterilized in 5 % (v/v) bleach
solution with slow agitation for 20 min, rinsed 10 times
with sterile water, and germinated between moistened
sterile paper towels in GA7 culture vessels (Magenta,
Chicago, IL) at 25 °C with 16/8 h light/dark photoperiod,
at 40 pEm 2 s~' illumination. Four days after germina-
tion, cotyledons were aseptically excised from the seed-
lings, and the adaxial side was bombarded with DNA-
coated tungsten particles using a Particle Inflow Gun (Finer
et al. 1992). Cotyledons were then placed on OMS culture
medium, which contained MS salts (Murashige and Skoog
1962), BS vitamins (Gamborg et al. 1968), 3 % sucrose and
0.2 % Gelrite™ (Aceto Corporation, Lake Success, NY) at
pH 5.7. Between 9 and 12 independently bombarded
cotyledons were placed in each 100 x 25 mm Petri dish on
35 ml OMS medium, and the standard lid was replaced
with a 5.5 mm polycarbonate lid to minimize condensation
(Finer and Finer 2007). Images of cotyledons expressing
GFP were captured every hour using a previously described
automated image collection system (Buenrostro-Nava et al.
2006; Chiera et al. 2007; Finer 2011), which was composed
of a MZFLIII dissecting microscope (Leica, Heerbrugg,
Switzerland) with a GFP filter set (Excitation
480 £ 40 nm; emission 510 nm), a Spot-RT CCD digital
camera (Diagnostic Instruments, Sterling Heights, MI), and
a two-dimensional robotics platform (Arrick Robotics,
Hurst, TX), all under computer control.

Images of GFP expression in each bombarded cotyledon
were captured at 1600 x 1200 pixels RGB every hour for
100 h. After image collection, each image was resized to
800 x 600 pixels and manually aligned using Adobe
ImageReady CS v8.0 (Adobe Systems, San Jose, CA) to
correct for slight inaccuracies in sample positioning.
Aligned images were cropped to a 400 x 300 pixel area,
and the background fluorescence from a 50 x 50 pixel area
(not containing GFP-expressing cells) was then subtracted
from the red and green channels to produce background-
corrected red and green channel images prior to quantifi-
cation. GFP quantification was calculated using Imagel
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v1.44b (Rasband 1997). GFP-expressing cells were sepa-
rated from the non-expressing background in the red and
green channels by adjusting selection threshold levels.
Mean grayscale values from the red and green channels
were subsequently obtained only from the GFP-expressing
cells, and the values were multiplied by the total number of
GFP-expressing pixels detected in each channel to obtain
GFP expression value for each channel. Total GFP
expression at each time point was calculated by the addi-
tion of the red and green channel GFP expression values
(Chiera et al. 2007). The mean transient GFP expression of
the 3 replicates for each promoter construct was reported as
the percentage of the peak GFP expression of the 35S
promoter.

Stable expression analysis of promoters in soybean
hairy roots

For each promoter construct, soybean cotyledons from cv.
‘Williams 82’ were inoculated with A. rhizogenes strain
K599 containing the specific promoter sequence and gfp
reporter gene in pCAMBIA1300 as previously described
(Hernandez-Garcia et al. 2010a). Briefly, soybean cotyle-
dons from seedlings 5 days after germination were excised,
and wounded several times on the abaxial side with sterile
scalpel dipped in bacterial cultures, which were grown
overnight in 2 ml liquid YEP (Yeast Extract Peptone)
medium, containing 100 mg 17! kanamycin. Inoculated
cotyledons were then placed abaxial side up on moistened,
sterilized PS5 Fisherbrand filter paper (Fisher Scientific,
Pittsburgh, PA) for 3 days under the same temperature,
photoperiod, and illumination as used for the lima bean
cotyledons. The soybean cotyledons were then transferred
to OMS culture medium containing 400 mg 1~' Timentin
(SmithKline Beecham Corp., Philadelphia, PA). After
2-3 weeks, hairy roots were recovered and excised for
subculture. Although pCAMBIA1300 contained a plant
selectable hygromycin resistance gene, hygromycin selec-
tion was not utilized and only GFP expressing roots were
selected for subsequent analysis. Seven independent events
of the fastest growing, GFP-expressing hairy roots
(~2 cm) were transferred to OMS medium containing
Timentin to allow the roots to grow for 4 days prior to GFP
quantification.

Images of the root tips were manually collected using
the same microscope and camera previously utilized for the
transient GFP expression analysis. The 1600 x 1200 pixels
RGB images were separated into red, green and blue
channels, and the background fluorescence (from
100 x 100 pixels area excluding the root) was subtracted
from the green channel to produce background-corrected
green channel images. Threshold levels were then adjusted
to separate the root from the background for quantification
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of GFP expression. The mean GFP expression was deter-
mined by calculating the grayscale mean value of the green
channel pixels associated with the root using ImagelJ soft-
ware according to method described in Hernandez-Garcia
et al. (2010a). In order to completely eliminate any back-
ground root fluorescence, the final GFP grayscale mean
intensity value for each promoter construct was calculated
by subtracting the average grayscale mean value of 7 roots
induced with A. rhizogenes containing no binary vector,
from the grayscale mean value of the 7 GFP-expressing
hairy roots. One experiment per promoter was conducted
for each thematic group for GFP quantification in hairy
roots. Mean separation was calculated according to
Tukey’s Studentized Range (HSD) test in Proc GLM of
SAS 9.4 TS (SAS Institute Inc., Cary, NC).

Bioinformatic analyses

RNAseq expression profiles of soybean cv. ‘Williams 82’
young leaf, flower, 1 cm pod, pod shell 10 days after
flowering, pod shell 14 days after flowering, seed 10 days
after flowering, seed 14 days after flowering, seed 21 days
after flowering, seed 25 days after flowering, seed 28 days
after flowering, seed 35 days after flowering, seed 42 days
after flowering, root, and nodule were collected in nor-
malized reads/kilobase/million of raw data for each gene
based on their respective gene ID from Soybase “SoySeq”
RNA-Seq online database (http://www.soybase.org; Sev-
erin et al. 2010). In addition, RNAseq expression profile of
cv. ‘Williams 82’ hairy roots was also collected. For the
hairy root data, total RNA was extracted from 51 to
66 days old (from inoculation date) hairy root tissue using
the Macherey—Nagel Plant kit (Macherey—Nagel, Bethle-
hem, PA). Libraries were prepared using Illumina’s TruSeq
Stranded mRNA Sample Preparation kit and sequenced
using the Illumina HiSeq2500 System (Illumina, San
Diego, CA) for paired-end reads at 100 cycles. Sequencing
data were processed using FastQC 0.10.1 (Andrews 2010),
Scythe-adapter-trimming (Buffalo 2014), and sickle-qual-
ity-base-trimming (Joshi and Fass 2011). Alignments to the
G. max Wm82.a2.vl reference genome from the Phyto-
zome database (http://www.phytozome.org) were per-
formed using TopHat2-PE (Kim et al. 2013). Read counts
were generated using HTSeq (Anders et al. 2015) and gene
expression counts were normalized using an adjusted
FPKM method as applied to single-end reads (Severin et al.
2010). Sequencing data were processed using the iPlant
platform (http://www.iplantcollaborative.org; Goff et al.
2011).

For identification of putative cis-regulatory elements,
each promoter sequence was also assessed for the presence
of previously identified plant promoter element motifs
using the PLACE online database (http://www.dna.affrc.

20.jp/PLACE; Higo et al. 1999). Motifs were gathered
from all promoters and sorted according to their presence
within all 5 thematic groups and each thematic group.

Results

Transient expression analyses following particle bom-
bardment (Figs. 1, 2, 3, 4, 5) allowed us to rapidly deter-
mine promoter sequence functionality, measure the relative
strength of the promoter and gather some information on
the temporal kinetics of expression. In parallel to the
transient expression analysis, stable expression in soybean
hairy roots (Figs. 1, 2, 3, 4, 5) provided a complementary
tool for gfp transgene expression analysis for all of the
promoters in each thematic group in stably transformed
tissue. RNAseq profiles (Table 2) provided yet additional
information on expression of the native gene, in its native
context. Finally, a detailed list of predicted motifs within
each promoter (Online Resource 3-7) showed common
predicted cis-regulatory element motifs among the pro-
moter groups.

GmCons promoters

Among the 3 promoters isolated from the constitutively
expressed genes [GmCons4, GmCons6 and GmCons10
(naming convention derived from Libault et al. 2008)],
GmCons10 displayed the highest transient and stable ex-
pression levels (Fig. 1). In contrast, GmCons4 and
GmCons6 promoters displayed very low levels of
detectable transient expression in bombarded lima bean
cotyledonary tissue, and showed low levels of expression
in stably-transformed hairy roots. RNAseq expression data
of the genes modulated by GmCons4, GmCons6 and
GmCons10 indicate that all three genes showed constitu-
tive but moderate transcript levels at all of the different
developmental stages and parts of soybean plant (Table 2).
Thirty-one common putative cis-regulatory elements were
identified among the three GmCons promoters (Online
Resource 3), aside from the common motifs identified
among all of the 40 analyzed promoters.

GmRoot promoters

Among the 7 GmRoot promoters analyzed (Fig. 2),
GmRoot7 had the highest peak transient expression, at
more than 3.5x of the peak expression of the 35S pro-
moter. Interestingly, the expression from the GmRoot7
promoter in stably transformed hairy roots was statistically
lower than GmRoot3, which was the highest expressing
GmRoot promoter. GmRoot6 and GmRoot3 displayed
similar transient expression profiles as the 35S promoter
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Fig. 1 Transient expression
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(a) and hairy root expression
(b) of GmCons promoters.
Transient GFP expression is
shown as the percentage of peak
GFP expression of the 35S
promoter. Internal legends are
shown from highest to lowest
expression, with 35S
represented by a solid black
line. Hairy root expression
values are displayed as

mean £ SD. Columns followed
by the same letter are not
significantly different at

p < 0.05 using Tukey’s
Studentized Range (HSD) test.
Representative images for peak
transient expression and hairy
roots are displayed below
respective graphs. In the
CaMV35S image, bar = 500
microns
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(Fig. 2a). The expression of GmRoot2 was the lowest of
the 7 GmRoot promoters, based on both transient and
stable expression. RNAseq data for the GmRoot promoters
confirmed that all 7 promoters were largely root-specific
(Table 2) and GmRoot3 showed the highest reads. Sur-
prisingly, the GmRoot7 promoter showed the highest
transient expression level and the second highest expres-
sion in stably transformed roots. RNAseq data showed the
lowest transcript level for the GmRoot7 gene in the root,
but the highest transcript level in the GmRoot group in
hairy roots. A total of 18 putative cis-regulatory elements
were also shared among the GmRoot promoters (Online
Resource 4), aside from the common motifs identified
among all of the 40 analyzed promoters.

GmSeed promoters

All 9 GmSeed promoters analyzed (Fig. 3) showed peak
transient expression below that of 35S promoter.
GmSeed10 showed the highest transient expression, at
about 80 % of the peak expression of the 35S promoter.
GmSeed12, GmSeed6, GmSeed8, and GmSeed3 displayed
an intermediate level of transient expression, while
GmSeedl1l, GmSeed2, and GmSeed5 gave the lowest
detectable transient expression. GmSeed7 did not display
detectable transient expression in all three replicates. Peak
expression of GmSeedl0, GmSeedl2, GmSeed6,
GmSeed8, and GmSeed3 seemed to lag behind
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approximately 10 h relative to the peak expression of 35S
promoter. In stably transformed hairy roots, all 9 GmSeed
promoters actively regulated GFP expression, with mean
GFP intensities ranging from 12.41 for GmSeed7 to 42.13
for GmSeed8. The soybean RNAseq profile of GmSeed
genes showed that all GmSeed promoters, except for
GmSeed8, were transcriptionally active during seed
development (Table 2). A total of 19 putative cis-regula-
tory elements were also shared among the GmSeed pro-
moters (Online Resource 5), aside from the common motifs
identified among all of the 40 analyzed promoters.

GmFAB promoters

Among the 9 GmFAB promoters analyzed (Fig. 4),
GmFAB17 had the highest transient and stable expression
levels, at approximately 1.5x peak transient expression of
the 35S promoter, and 30.60 mean GFP intensity in stably
transformed hairy roots. GmFABI11 had the next highest
transient expression, with expression levels comparable to
those obtained with the 35S promoter. In stably-trans-
formed hairy roots, expression of GmFABI11 was not sta-
tistically different from GmFABS, GmFABI, GmFAB2,
GmFABS8, GmFAB3, GmFAB9 and GmFABI10, all of
which had peak transient expression below 30 % of the
levels obtained with the 35S promoter. Among the lowest
expressing GmFAB promoters, GmFAB3 had the lowest
peak transient expression, at <5 % relative to 35S pro-
moter, as well as the lowest stable expression, at 9.26 mean
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Fig. 2 Transient expression (a) and hairy root expression (b) of
GmRoot promoters. Transient GFP expression is shown as the
percentage of peak GFP expression of the 35S promoter. Internal
legends are shown from highest to lowest expression, with 35S
represented by a solid black line. Hairy root expression values are

GFP intensity. RNAseq data also indicated that the
GmFAB3 gene was the least transcriptionally active in
comparison to the other GmFAB genes (Table 2). All
transient expression profiles for the GmFAB group were
similar with the exception of GmFABI11, which showed
later peak expression and a delayed decline in expression
(Fig. 4). RNAseq analysis of GmFAB promoters as a group
did not show preferred expression in a specific soybean
tissue or growth stage with the exception of GmFABI17,
which modulated higher gene expression in soybean seeds,
specifically in seeds 35 days after flowering (Table 2). A
total of 14 shared putative cis-regulatory elements were
identified among the 9 GmFAB promoters (Online
Resource 6), aside from the common motifs identified
among all of the 40 analyzed promoters.

GmWRKY promoters
Among the 12 GmWRKY promoters, GmWRKY 17 had the

highest transient expression, with peak expression around 3 x
higher than the 35S promoter (Fig. 5). GmWRKY13 and
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displayed as mean £ SD. Columns followed by the same letter are
not significantly different at p < 0.05 using Tukey’s Studentized
Range (HSD) test. Representative images for peak transient expres-
sion and hairy roots are displayed below respective graphs. In the
CaMV35S image, bar = 500 microns

GmWRKY?27 showed transient expression levels that were
similar to that of 35S promoter while most of the GmWRKY
promoters had relatively low, but detectable transient
expression levels relative to the 35S promoter: GmWRKY43,
GmWRKY67, GmWRKYS82, GmWRKY79, GmWRKY85
and GmWRKY80, GmWRKY162 all showed low transient
expression while transient expression using the GmWRKY?21
and GmWRKY 54 promoters was not detected. Expression in
stably transformed hairy roots containing the 12 GmWRKY
promoters followed the same general trend that was observed
with the transient expression with the exception of
GmWRKY21 and GmWRKY67, which showed high
expression in stably-transformed roots and low transient
expression (Fig. 5). RNAseq analysis of GmWRKY genes as
a group did not show any pattern of localization in a specific
soybean tissue or growth stage (Table 2), with GmWRKY21
showing the lowest level of transcript (undetected) across
different conditions. A total of 8 putative cis-regulatory ele-
ments were also shared among the GmWRKY promoters
(Online Resource 7), aside from the common motifs identi-
fied among all of the 40 analyzed promoters.
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Fig. 3 Transient expression (a) and hairy root expression (b) of
GmSeed promoters. Transient GFP expression is shown as the
percentage of peak GFP expression of the 35S promoter. Internal
legends are shown from highest to lowest expression, with 35S
represented by a solid black line. Hairy root expression values are

Discussion

Among all 40 promoters characterized through transient
expression analysis, differences in the timing and intensity
of peak expression, along with the decline of GFP
expression were commonly observed. The specific gfp gene
used in this research (Chiu et al. 1996) was selected
because the translated GFP protein displays good fluores-
cence and is relatively unstable. Other versions of fluo-
rescent proteins can display higher fluorescence and
stability (Stewart 2001), but may not be suitable for pro-
moter analysis studies, as the protein may be
detectable long after the promoter becomes inactive. For
the specific version of the gfp gene used in this study,
detectable and quantifiable GFP fluorescence was mostly
indicative of promoter activity (Hernandez-Garcia et al.
2010a).

The use of GFP also allowed semi-continuous moni-
toring of gene expression in the same tissue over time,
which provided expression profiles, reflected in the shape
of the graphs showing promoter activity (Figs. 1, 2, 3, 4,
5). Assays for activity of other marker genes such as
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displayed as mean + SD. Columns followed by the same letter are
not significantly different at p < 0.05 using Tukey’s Studentized
Range (HSD) test. Representative images for peak transient expres-
sion and hairy roots are displayed below respective graphs. In the
CaMV35S image, bar = 500 microns

luciferase and B-glucuronidase are unfortunately destruc-
tive and therefore only allow single time point expression
determinations. In this research, time-lapse animations of
transient GFP expression (Online Resource 8) were also
evaluated to confirm transient expression profiles. Finally,
concerns of background fluorescence and chlorophyll
interference with GFP detection (Finer 2011) were avoided
by monitoring expression in achlorophyllous lima bean
cotyledons and soybean hairy roots. The use of hardware
and software corrections using appropriate filter sets and
background gray value subtraction respectively, led to a
reduction or elimination of all background fluorescence,
and problems of interference with GFP detection were
therefore minimized (Hernandez-Garcia et al. 2010a).
Although soybean promoters were isolated and studied
in this research, lima bean and not soybean cotyledonary
tissues were used as a target tissue for transient expression.
Unfortunately, soybean cotyledonary tissues were not
suitable for transient expression and image analysis as the
GFP protein diffuses so rapidly from targeted soybean cells
following particle bombardment (Hernandez-Garcia et al.
2010a), leading to a rapid decline in GFP detection and loss
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Fig. 4 Transient expression (a, b) and hairy root expression (c) of
GmFAB promoters. Transient GFP expression is shown as the
percentage of peak GFP expression of the 35S promoter. Internal
legends are shown from highest to lowest expression, with 35S
represented by a solid black line. Hairy root expression values are

of definition of expression in the targeted cells. In addition,
the adaxial surface of the lima bean cotyledons remained
flat for the 100-h duration of the automated image capture,
which allowed the tissue to remain in the same focal plane
during the automated process of image capture.

This study employed two expression analysis systems
for rapid screening of promoter functional activity, and
each system carried unique advantages and limitations. For

displayed as mean £ SD. Columns followed by the same letter are
not significantly different at p < 0.05 using Tukey’s Studentized
Range (HSD) test. Representative images for peak transient expres-
sion and hairy roots are displayed below respective graphs. In the
CaMV35S image, bar = 500 microns

the most part, the transient lima bean cotyledon expression
analysis data and the stable soybean hairy roots expression
data were relatively consistent and comparable, with
respect to GFP intensities among the promoters in thematic
groups. General consistencies between transient expression
using lima bean cotyledons and stable expression in soy-
bean hairy roots using either groups of native soybean
promoters (Hernandez-Garcia et al. 2010a; Zhang et al.
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Fig. 5 Transient expression (a, b) and hairy root expression (c) of
GmWRKY promoters. Transient GFP expression is shown as the
percentage of peak GFP expression of the 35S promoter. Internal
legends are shown from highest to lowest expression, with 35S
represented by a solid black line. Hairy root expression values are

2015) or variants of individual soybean promoters (De La
Torre and Finer 2015; Hernandez-Garcia and Finer 2016)
have been reported previously. Although most of these
previous studies utilized constitutive promoters (Zhang
et al. 2015; De La Torre and Finer 2015) where tissue
specificity and inducibility are not major influences on
promoter activity, these same tools and targets were used
for the wound inducible GmERF3 promoter (Hernandez-
Garcia and Finer 2016). Some inconsistencies between
measured promoter strengths among these two expression
analysis systems were observed in the present study, which
may not be unusual considering that root specific promot-
ers were evaluated in bombarded lima bean cotyledons
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displayed as mean = SD. Columns followed by the same letter are
not significantly different at p < 0.05 using Tukey’s Studentized
Range (HSD) test. Representative images for peak transient expres-
sion and hairy roots are displayed below each respective graphs. In
the CaM V35S image, bar = 500 microns

(Fig. 2) and seed specific promoters were evaluated in
stably transformed soybean hairy roots (Fig. 3). With
transient expression using the gene gun, large amounts of
DNA are introduced into plant cells and the observed rapid
expression likely results from extrachromosomal activity
of the introduced genes (Hernandez-Garcia and Finer
2014). As an extrachromosomal entity, gene expression
may not be impacted by epigenetic effects, including
chromosome structure or chromatin-based regulation,
allowing promoter strength to be directly assessed. Soy-
bean hairy roots present another model for evaluation of
promoter-mediated gene expression, but expression in this
stably transformed tissue was likely impacted by epigenetic
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Table 2 RNA-seq profiles of the genes associated with each native promoter, categorized by their thematic groups

Promoter YL F Plem P10 P14 S10 S14 S21 S25 S28 S35 S 42 R N HR
GmCons4 13 22 16 17 25 8 16 17 10 6 9 5 15 9 16
GmCons6 23 29 25 31 27 13 24 19 15 7 13 9 49 29 39
GmCons10 1 31 4 4 11 3 6 5 14 17 7 2 34 1 5
GmRootl 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0
GmRoot2 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0
GmRoot3 0 0 0 0 0 0 0 0 0 0 0 0 157 0 0
GmRoot5 0 0 0 0 0 0 0 0 0 0 0 0 12 0 0
GmRoot6 0 0 0 0 0 0 0 0 0 0 0 0 99 0 0
GmRoot7 0 0 0 0 0 0 0 0 0 0 0 0 2 0 35
GmRoot8 0 0 0 0 0 0 0 0 0 0 0 0 12 0 0
GmSeed2 0 0 0 0 0 0 0 1 3072 5909 23,378 30,041 0 0 0
GmSeed3 0 0 0 0 0 0 0 16 2242 4735 14,794 16,100 0 0 0
GmSeed5 0 0 0 0 0 0 0 703 1494 10,794 18,772 0 0 0
GmSeed6 0 0 0 0 0 0 0 1 920 1803 12,426 23,024 0 0 0
GmSeed7 0 0 1 0 0 0 0 1 113 240 1625 2374 0 237 0
GmSeed8 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
GmSeed10 0 0 0 0 0 0 7 135 1727 2235 6638 7071 0 0 0
GmSeed11 0 0 0 0 0 0 0 0 2 4 12 21 0 0 0
GmSeed12 0 0 0 0 0 0 0 0 1 2 16 85 0 0 0
GmFAB1 6 5 3 4 5 1 3 5 5 2 5 2 7 2 6
GmFAB2 22 9 19 21 18 4 25 22 29 11 15 6 21 18 3
GmFAB3 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1
GmFAB5 16 29 13 11 12 6 10 10 7 4 5 3 35 13 46
GmFABS 11 10 7 8 9 4 7 14 8 4 9 5 5 2 5
GmFABY9 21 11 8 8 14 4 3 2 1 1 0 3 4 3
GmFAB10 12 11 11 10 11 3 5 8 3 1 3 2 10 9 3
GmFABI11 13 12 11 9 16 7 9 11 9 4 7 5 11 13 21
GmFAB17 5 4 3 2 3 6 5 9 5 8 18 10 4 1 7
GmWRKY13 16 20 18 22 24 3 5 7 10 4 7 6 47 64 13
GmWRKY17 0 1 1 1 3 0 0 0 0 0 0 0 2 1 1
GmWRKY21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
GmWRKY27 2 5 0 2 6 1 1 0 1 0 2 1 4 4 5
GmWRKY43 2 7 1 1 1 0 1 0 0 0 0 0 0 0 0
GmWRKY54 0 4 4 2 4 1 2 1 1 0 1 0 7 6 21
GmWRKY67 14 6 1 3 16 0 1 2 0 0 3 1 0 1 0
GmWRKY79 5 8 6 3 3 1 2 2 1 0 1 0 8 3 8
GmWRKY80 6 5 4 4 4 1 2 1 2 1 2 3 8 4 5
GmWRKY82 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
GmWRKY85 1 4 3 3 3 1 1 2 2 1 2 1 1 1 2
GmWRKY162 2 2 1 2 6 0 0 0 0 0 0 0 0 2 3

Column categories in order from left to right are as follows: “YL” for young leaf, “F” for flower, “P 1 cm” for one cm pod, “P10” for pod shell
10 days after flowering, “P14” for pod shell 14 days after flowering, “S10” for seed 10 days after flowering, “S14” for seed 14 days after
flowering, “S21” for seed 21 days after flowering, “S25” for seed 25 days after flowering, “S28” for seed 28 days after flowering, “S35” for
seed 35 days after flowering, “S42” for seed 42 days after flowering, “R” for root, “N” for nodule, and “HR” for hairy root

effects and by copy number of the introduced reporter gene
(Hernandez-Garcia et al. 2010a). Although hairy roots are
hormone autotrophic and show the altered hairy root phe-
notype, they can be induced on stem tissue and used to

support plant growth (Veena and Taylor 2007). Due to this
altered phenotype, epigenetic effects, and copy number of
the introduced DNA, hairy roots may not display the same
tissue specificity and inducibility exhibited by native
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promoters in their native context. Soybean hairy roots were
generated from cv. ‘Williams 82’, due to the availability of
the annotated genome and RNAseq data (http://www.soy
base.org) of this cultivar. Although GFP expression levels
in hairy roots containing the 35S promoter was not directly
assessed in the current study, grayscale mean expression
levels of approximately 50 were consistently obtained in
previous studies using the 35S promoter with the same
hairy root expression system (Hernandez-Garcia et al.
2010a; Zhang et al. 2015).

The RNAseq data (Table 2) highlighted in this study
captured the mRNA transcript levels of the native soybean
genes in each gene group, in various soybean tissues and
stages of development. However, transcript levels do not
necessarily correlate well with protein expression, since
post-transcriptional regulation also contributes to protein
expression (Maier et al. 2009). Accordingly, the RNAseq
data in this study for each promoter serve as an indicator of
promoter activity of genes in their native context as a
regulator of transcription, but it is not a conclusive evi-
dence of the specificity of protein expression. In addition,
for use of these promoters in a transgenic context, gene
expression mediated by these promoters should be specif-
ically studied by observing transgenic expression, either
through transient or stable expression analyses. Although
these soybean promoters should ideally be studied in
transgenic soybean plants, soybean transformation remains
consistent but inefficient and the time needed for produc-
tion of transgenic soybean plants is typically 4-9 months
(Finer and Larkin 2008). The rapid validation tools utilized
here provided some useful information on promoter
strength, although tissue specificity could not be exten-
sively studied with transient expression in lima bean
cotyledons and stable expression in hairy roots.

Some interesting differences between transient expres-
sion and stable expression results were observed in the
present study, of which GmWRKY?21 was the most dra-
matic (Fig. 5). In the case of GmWRKY?21, no transient
GFP expression in lima bean cotyledons was detected,
while expression in stably transformed hairy root expres-
sion was among the highest in the GmWRKY thematic
group. It is possible that the ~ 1.4 kb size of this promoter
(Table 1) was small and led to elimination of essential
native promoter elements, but this was a standard size used
for most of the cloned soybean promoters. Because the
transient expression system is sensitive to gene silencing of
highly expressed genes (Dhillon et al. 2009), silencing of
the native promoter may have led to rapid silencing of the
transgenic promoter, which may have been hypersensitive
to silencing. WRKY genes are transcription factors, which
usually express at low levels in most tissues (Rushton et al.
2012). Finally, the GmWRKY21 gene showed the lowest
expressing transcript in all tissues of all the WRKY genes
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(Table 2), suggesting that some component of the hairy
root expression system led to this unexpected high
expression.

GmCons promoters

The three GmCons promoters characterized in this study
displayed transient expression that was below that of the
35S promoter (Fig. 1). Given that multiple studies using
the same hairy root expression system consistently gave the
35S promoter a grayscale mean GFP expression level of
approximately 50 (Hernandez-Garcia et al. 2010a; Zhang
et al. 2015), GFP expression levels from the hairy root data
in this study was compared to previous 35S promoter
expression data. While the GmCons10 promoter displayed
a mean transient GFP expression below the 35S promoter,
expression of GMCons10 was slightly higher than the 35S
promoter in soybean hairy roots (Fig. 1). Expression of the
constitutive promoters was consistent among the group as
GmCons10 displayed the highest transgene expression
using both validation tools, while GmCons4 and GmCons6
were lower. Other constitutively expressing native soybean
promoters have been identified, which regulate transgene
expression at much higher levels than the 35S promoter
(Hernandez-Garcia et al. 2010a; Zhang et al. 2015).
Because the selection conditions for the genes for the
constitutive promoters reported here was based on consis-
tent RNA-seq expression data in all tissues (Libault et al.
2008), constitutive but moderately expressing genes were
identified (Table 2). The GmCons promoters identified in
this study may be useful alternatives for constitutive
transgene expression in soybean, especially for targeted
expression at levels lower than the 35S, Gmubi (Hernan-
dez-Garcia et al. 2009) or GmScream (Zhang et al. 2015)
promoters.

GmRoot promoters

The highest transiently expressing GmRoot promoter was
GmRoot7, which had more than 3x higher transient
expression than the 35S promoter, more than 2x higher
than the 35S promoter in stably transformed hairy roots.
Interestingly, RNAseq data for GmRoot7 indicated that the
promoter was indeed root-specific, but this gene showed
the lowest transcript level of all GmRoot genes in non-
transformed tissue (Table 2). Interestingly the GmRoot7
transcript was the highest of all GmRoot genes in soybean
hairy roots (Table 2). High expression of this GmRoot7
promoter during transient expression and in hairy roots
suggests that this root-specific promoter may be inducible
in bombarded cotyledons and hairy roots. The annotation
of GmRoot7 as a germin-like protein gene (Table 1) fur-
ther suggests that the promoter for this gene may be either
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stress or pathogen inducible (Lu et al. 2010). As stated
previously, high transient expression in lima bean cotyle-
dons for many of the root specific promoters was unex-
pected but consistent, and may have resulted from
extrachromosomal expression of large amounts of the
introduced expression vector. Transient expression results
seem to be more reflective of promoter strength rather than
tissue specificity. The GmRoot3 promoter showed transient
expression levels similar to that of the 35S promoter, but
hairy root expression was approximately 4x higher than
the 35S promoter. RNAseq analysis (Table 2) showed that
GmRoot3 and GmRoot6 were the highest expressing root
specific genes and the promoters from these genes also
showed high expression using both validation tools
(Fig. 2). Other root-associated soybean promoters
(GmEXPB2 and GmPAP21) are both root-associated and
induced by low phosphorus levels (Guo et al. 2011; Li et al.
2012, 2014), while induction of the root-associated
GmPRP2 promoter was not reported (Chen et al. 2014).
GmEXPB2, GmPAP21 and GmPRP2 were not the same as
any of the GmRoot promoters identified in this study.
Taken together, promoters from this thematic group may
provide alternatives for directed transgene expression in
roots, which may be useful for developing soybean vari-
eties with increased resistance to root pathogens, pests and
some abiotic stresses.

GmSeed promoters

All GmSeed promoters displayed transient and stable ex-
pression levels that were below that of the 35S promoter.
RNAseq data (Table 2) confirmed that these promoters
were distinctly seed-specific, with the exception of
GmSeed8 (undetected transcript) and GmSeed7 (also
expressed in nodules). Similar to the observed transient
expression of root-specific promoters in lima bean cotyle-
dons (Fig. 2), these seed specific promoters showed
stable expression in soybean hairy roots (Fig. 3). It is likely
that these transgenic promoters were more active or dis-
played less specificity due to their altered copy number or
lack of epigenetic regulation, relative to the native pro-
moter. The soyAPI gene promoter also has high expression
in seed (Zhao et al. 2012) but this promoter does not share
the same promoter identity as the GmSeed promoters in
this study. The GmSeed10 promoter, which drives the
expression of the soybean lectin gene, has been previously
compared to the 35S promoter through expression in soy-
bean developing somatic embryos using automated image
capture (Buenrostro-Nava et al. 2006). The soybean lectin
protein was one of the first isolated and characterized seed-
specific protein in soybean (Vodkin and Raikhel 1986), and
its seed-specific expression has been attributed to the pro-
moter sequence (Cho et al. 1995). Levels of transient

expression in lima bean cotyledons and stable expression in
hairy roots data presented in this present study are com-
parable to the GFP expression data reported previously
(Buenrostro-Nava et al. 20006), as the level of peak GFP
expression driven by GmSeedl0 (lectin) promoter was
similar to that of the 35S promoter. Taken together, these
seed-specific soybean promoters could provide alternatives
for regulating transgene expression in seeds, such as for
improvement in oil, protein and nutritional content.

GmFAB promoters

Transient and stable expression profiles of the 9 GmFAB
promoters showed that these promoters mostly had lower
levels of expression compared to the 35S promoter, with
the exception of the transient expression of GmFAB17 and
GmFABI11 (Fig. 4). These same two promoters displayed
unusual expression profiles, where GmFAB17 showed a
delayed peak expression while GmFAB11 gave more
sustained expression, characterized by a slower decline in
transient GFP expression, compared to all other promoters.
The profile showing delayed peak transient expression may
have resulted from stress induction of the promoter (Her-
nandez-Garcia and Finer 2016) and the sustained expres-
sion (and slower decline) of GFP may indicate less
sensitivity to promoter-mediated gene silencing (Dhillon
et al. 2009). The variation in transient expression profiles,
as well as the diversity in transcript levels from the
RNAseq data (Table 2) indicate that the GmFAB group of
promoters function across a variety of soybean develop-
mental stages and tissues. As soybean fatty acid biosyn-
thesis can be light induced (Willms et al. 1999), we
detected an IBOXCORE motif for light regulation in all of
the GmFAB promoter sequences. We did not validate light
inducibility for any of the GmFAB promoters, although
GmFAB17 and GmFABI11 have 7 and 10 copies of the
IBOXCORE motif respectively (Online Resource 6).

GmWRKY promoters

A wide variation in patterns and intensities of transient and
stable expression of the GmWRKY promoters was
observed (Fig. 5), along with broad differences in the
RNAseq data (Table 2). WRKY transcription factors are
integral components for an array of plant biotic and abiotic
stress responses, as well as seed dormancy and germination
(Rushton et al. 2010, 2012). These transcription factors
function by direct binding to response elements of other
gene promoters (Rushton et al. 1996), as well as interac-
tions with a variety of protein partners, among which are
MAP kinases, MAP kinase kinases, histone deacetylases,
resistance proteins, 14-3-3 proteins, calmodulin, and other
WRKY factors (Rushton et al. 2010). For many of the
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GmWRKY promoters, transient and stable expression
levels were significantly lower than that obtained with the
35S promoter. In addition to the interesting expression
results demonstrated with GmWRKY?21 reported earlier in
this discussion (undetected transient expression and high
stable expression), the GmWRKY 17 promoter is also of
particular interest, as it showed high transient and
stable expression levels (higher than that of 35S promoter),
but did not show high transcript levels in any of the soy-
bean tissues analyzed via RNAseq (Table 2). This may
simply indicate that more tissues and inductive conditions
need to be analyzed for the detection of high gene
expression using RNAseq. Recent studies of the
GmWRKY17 and GmWRKY67 promoters in stably
transformed hairy roots showed 12.7-fold and 4.8-fold
increases in expression following drought induction
respectively (Tripathi et al. 2016). Additionally, Tripathi
et al. (2016) observed that the GmWRKY17 promoter
responded to ABA and both promoters were responsive to
cold. As the GmWRKY 17 and GmWRKY 67 promoters are
strongly induced by various abiotic stresses, they may have
shown low transcript levels in the RNAseq analysis as
tissues used in those studies were not stressed. High
expression of the GmWRKY 17 promoter in the present
study (Fig. 5) may reflect stress induction following bom-
bardment, which can cause some damage to the target
tissue. The GmWRKY 17 promoter, which has previously
shown little background expression and high inducibility
by abiotic stress (Tripathi et al. 2016), may prove extre-
mely useful for driving transgenes for improving abiotic
stress responses.

Element identification

A large number of shared motifs that represent putative cis-
regulatory elements were identified within each promoter
family (Online Resources 3—7). Databases for cis-acting
regulatory elements, such as PLACE (http://www.dna.
affrc.go.jp/PLACE; Higo et al. 1999) have been developed
as prediction tools to identify significant motifs within the
promoter region based on previously identified motifs.
Although these databases are useful in identifying numer-
ous potential elements, confirmation through element
functional validation is necessary. With the large number
of putative elements identified using PLACE in this study
of 40 different soybean promoters, it becomes challenging
to assign functionality to all of the putative promoter ele-
ments. In addition, the modular assembly model for plant
promoters, based on a model developed for the 35S pro-
moter (Odell et al. 1985), may need to be revised, as reg-
ulatory elements that are much larger than ~ 6 nucleotides
have been identified (Hernandez Garcia and Finer
2014, 2016). Because so many putative elements are
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typically identified using cis-regulatory element databases,
most of the identified motifs are likely biologically inac-
curate. Assessing each promoter, promoter family, and
promoter element individually through coupling motif-
prediction databases with mutation analysis and validation
of quantifiable transgene expression will yield promoter
characterization that is more biologically accurate (De La
Torre and Finer 2015; Hernandez-Garcia et al. 2009; Liu
et al. 2014; Rushton et al. 2002; Zhang et al. 2015). Taken
together, this study provides starting data for a relatively
large number of soybean promoters, grouped into thematic
families. In addition, we have identified several native
soybean promoters, which may be of interest for further
cis-regulatory element analysis and for the development of
synthetic promoters with improved gene expression
specificity. These promoters add to the repertoire of native
soybean promoters, which may be utilized for production
of transgenics for basic research and crop improvement.
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