
ORIGINAL ARTICLE

Testing the utility of fluorescent proteins in Mimulus lewisii
by an Agrobacterium-mediated transient assay

Baoqing Ding1 • Yao-Wu Yuan1,2

Received: 10 September 2015 / Revised: 16 November 2015 / Accepted: 8 December 2015

� Springer-Verlag Berlin Heidelberg 2016

Abstract

Key message The Agrobacterium-mediated transient

expression assay by leaf infiltration in Mimulus lewisii is

robust. Fluorescent proteins EGFP, EYFP and DsRed

give bright fluorescence signals in the infiltrated tissue.

Abstract Mimulus lewisii is an emerging developmental

genetic model system. Recently developed genomic and

genetic resources and a stable transformation protocol have

greatly facilitated the identification and functional charac-

terization of genes controlling the development of eco-

logically important floral traits using this species. To

further expedite gene and protein function analyses in M.

lewisii, we adopted and simplified the Agrobacterium-

mediated transient gene expression method routinely used

in tobacco plants. With the validated transient assay, we

examined the performance of fluorescent proteins EGFP,

EYFP and DsRed in M. lewisii. All three proteins gave

bright fluorescence signals when transiently expressed in

agroinfiltrated leaves. Furthermore, we demonstrated the

utility of fluorescent proteins in M. lewisii by showing the

nuclear localization of Reduced Carotenoid Pigmentation 1

(RCP1), a recently discovered R2R3-MYB transcription

factor that regulates carotenoid pigmentation during flower

development. Both the transient assay and the fluorescent

proteins are valuable additions to the M. lewisii toolbox,

making this emerging genetic and developmental model

system even more powerful.

Keywords Mimulus � Transient expression assay �
Agroinfiltration � Fluorescent proteins � RCP1

Introduction

Themonkeyflower speciesMimulus lewisii is emerging as an

excellent model system to study the developmental genetics

of ecologically important floral traits, especially those that

are difficult to study using other plant genetic model systems

(e.g., carotenoid pigmentation, anthocyanin spot patterning,

corolla tube formation and elaboration). This new model is

largely empowered by the recent development of sophisti-

cated genomic resources, an efficient stable transformation

protocol, and a collection of chemically induced mutants

with interesting floral trait alternations (Owen and Bradshaw

2011; Yuan et al. 2013a, b, 2014; Sagawa et al. 2016).

Another important element of the ‘‘toolbox’’ of a genetic

and developmental model system is fluorescent proteins.

When fused to a target gene, the fluorescent tag allows real

time monitoring of gene expression and protein localiza-

tion in living tissue. The green fluorescent protein (GFP)

and its variants (BFP, CFP, YFP) have been used exten-

sively in plant systems (for reviews see Haseloff and

Siemering 2005; Millwood et al. 2010). In a previous study

(Yuan et al. 2014), we transformed M. lewisii with an over-

expression construct (35S:NEGAN-mGFP5) containing the

anthocyanin-activating R2R3-MYB gene, NECTAR GUIDE

ANTHOCYANIN (NEGAN), with mGFP5 (a variant of
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GFP; Haseloff 1999) fused in-frame at the 30 end. Multiple

independent stable transgenic lines displayed the expected

phenotype, with the normally green vegetative tissue con-

verted to dark purple, indicating that the transgene was

functional. However, the fluorescence signal under micro-

scope was hardly detectable. mGFP5 lacks the S56T

mutation and the codon optimization that enhances mRNA

translation (Haseloff 1999), both of which were imple-

mented in EGFP and were shown to dramatically increase

fluorescence brightness (Chiu et al. 1996; Yang et al.

1996). Therefore, we reasoned that EGFP and other simi-

larly improved fluorescent proteins may perform better

than mGFP5 in M. lewisii. Supporting this notion, recent

studies in Mimulus aurantiacus and Torenia fournieri

demonstrated that certain fluorescent proteins do have

much stronger signals than others when tested under the

same experimental conditions (Sasaki et al. 2014; Susič

et al. 2014). These considerations motivated us to test a few

commonly used fluorescent proteins that are expected to

perform better than mGFP5 (e.g., EGFP, EYFP, DsRed).

One way to achieve this goal is to create stable trans-

genic lines that constitutively express the fluorescent

proteins. However, this approach is relatively laborious

and time-consuming (the entire process from flower bud

infiltration to transgenic seedlings takes *3 months). A

rapid transient expression assay would be a better alter-

native. In this study, we adopted and simplified the

Agrobacterium-mediated transient assay procedure that is

routinely used in tobacco plants (Kapila et al. 1997; Schöb

et al. 1997; Yang et al. 2000). We first used the

35S:NEGAN-mGFP5 construct to demonstrate that the

simplified transient assay can be readily applied to M.

lewisii, then tested the performance of EGFP, EYFP, and

DsRed, and found all three fluorescent proteins emit

strong fluorescence in agroinfiltrated leaves. Finally, we

used EYFP as a reporter and showed nuclear localization

of a recently discovered R2R3-MYB transcription factor,

Reduced Carotenoid Pigmentation 1 (RCP1) that regu-

lates carotenoid biosynthesis during M. lewisii flower

development.

Materials and methods

Plant materials and growth conditions

The Mimulus lewisii inbred line LF10 was previously

described (Yuan et al. 2013a). Plants were grown in the

University of Connecticut research greenhouses under

natural light supplemented with sodium vapor lamps,

ensuring a 16-h day length.

Plasmid construction

The 35S:NEGAN-mGFP5 construct was generated in a

previous study (Yuan et al. 2014). To build constructs that

constitutively express the selected fluorescent proteins, we

first amplified the full-length coding DNAs (CDS) of

mGFP5, EGFP, EYFP, and DsRed from the vector pEar-

leyGate 103 (Earley et al. 2006), pBGWFS7 (Karimi et al.

2002), pEarleyGate 101 (Earley et al. 2006), and genomic

DNA of red fluorescence tagged Drosophila melanogaster

males (Manier et al. 2010), respectively. The CDS were

cloned into the pENTR/D-TOPO vector (Invitrogen) and

then recombined into the pEarleyGate 100 destination vector

(Earley et al. 2006),which drives transgene expression by the

CaMV 35S promoter. ThemGFP5CDSwas amplified using

the primer pair mGFP5_cdsF (50-caccATGGTA-
GATCTGACTAGTAA-30) and mGFP5_cdsR (50-TTAGC-
TAGCTTTGTATAGTTCATC-30). The EGFP and EYFP

CDS are very similar, differing at only 9 of the 720 nucleo-

tide sites. They were amplified using the same primer pair

EGFP_cdsF (50-caccATGGTGAGCAAGGGCGAGGA-30)
and EGFP_cdsR (50-TTACTTGTACAGCTCGTCCATGC-
30). The DsRed CDS was amplified using the primer pair

DsRed_cdsF (50-caccATGGACAACACCGAGGACGT-30)
and DsRed_cdsR (50-TTACTGGGAGCCGGAGTGG
CGG-30).

To further explore the utility of fluorescent proteins in

protein localization, we cloned a recently discovered

R2R3-MYB gene, RCP1, which regulates carotenoid pig-

mentation during M. lewisii flower development (Sagawa

et al. 2016). The RCP1 CDS was amplified with

RCP1_cdsF (50-caccATGGCGAGCAAAAATTGCAGT-
30) and RCP1_cdsR (50-CAAAGCTCCAACACCAA-
GAAAG-30) from flower cDNA, then cloned into the

pENTR/D-TOPO vector (Invitrogen) and finally recom-

bined into the destination vector pEarlyGate 101 (Earley

et al. 2006). This vector contains the EYFP gene fused in-

frame with the 30 end of the target gene and drives the

transgene expression by the CaMV 35S promoter.

All final plasmids were verified by sequencing and then

transformed into Agrobacterium tumefaciens strain

GV3101 before agroinfiltration.

Agroinfiltration of M. lewisii leaves

Agrobacteria containing the individual constructs

(35S:NEGAN-mGFP5, 35S:mGFP5, 35S:EGFP, 35S:

EYFP, 35S:DsRed, or 35S:RCP1-EYFP) were streaked on

Luria–Bertani (LB) agar plates supplemented with kana-

mycin (50 mg/L), gentamycin (50 mg/L) and rifampicin
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(25 mg/L), and incubated at 28 �C for 2 days. A single

fresh colony from each plate was inoculated into 5 ml

liquid LB media with the same antibiotics and cultured

overnight at 28 �C. The 5-ml culture was then transferred

to 50 ml fresh liquid LB media and further cultured for

16–18 h. Agrobacterial cells were collected by centrifu-

gation for 15 min at 6000 g and resuspended in 25 ml 5 %

sucrose solution supplemented with 0.1 M acetosyringone

and 0.1 % Silwet L-77 (v/v). The OD600 estimate for the

resulting bacterial suspension is usually between 1.0 and

2.0 (we found no obvious difference in transformation

success when OD600 varies from 0.8 to 4.0). Infiltrations

were performed by applying gentle pressure against the

lower (abaxial) side of the leaf lamina with a 1-ml

needleless syringe (Becton, Dickinson and Company). Two

to four spots were infiltrated on each leaf.

RNA extraction and RT-PCR

We chose EYFP expression as an example to examine the

transgene expression pattern after agroinfiltration. Total

RNA was isolated from the agroinfiltrated leaves using the

Spectrum Plant Total RNA Kit (Sigma-Aldrich) and then

treated with amplification grade DNaseI (Invitrogen). cDNA

was synthesized from 1 lg of the DNase-treated RNA using

the SuperScript III First-Strand Synthesis System (Invitro-

gen), then diluted tenfold before RT-PCR. The Mimulus

ortholog of At5g25760/Ubiquitin-Conjugating Enzyme

(UBC) was used as a reference gene, as previously described

(Yuan et al. 2013a). The primer pair MIUBC_SP3F (50-
GGCTTGGACTCTGCAGTCTGT-30) and MIUBC_SP4R

(50-TCTTCGGCATGGCAGCAAGTC-30) was used for

MlUBC amplification, and the primer pair EGFP_cdsF and

EGFP_seqR (50-GATCTTGAAGTTCACCTTGATGC-30)
was used for EYFP amplification.

Confocal microscopy

All fluorescence images were acquired using a Nikon A1R

confocal laser scanning microscope equipped with a 60X

water immersion objective (Plan APO VC 60X/1.20). The

light images were captured under a Zeiss Axioskop

microscope connected to a QImaging MicroPublisher 3.3

RTV camera (QImaging, Canada).

Results and discussion

Transient expression of NEGAN

Our previous study has shown that the expression of the

35S:NEGAN-mGFP5 construct in M. lewisii stable trans-

genic lines led to massive anthocyanin production in

leaves, which could serve as a good visual marker to test

the transient assay procedure. We had little success when

infiltrating plants that are older than 6 months or infiltrat-

ing fully expanded leaves even on younger plants. Instead,

plants that were 2- to 4-months old and young leaves that

were 3–4 cm in length gave the best results. Only 3 days

after agroinfiltration of the 35S:NEGAN-mGFP5 construct

in the abaxial leaf surface, anthocyanins started to accu-

mulate in pavement cells (Fig. 1). We repeated the

35S:NEGAN-mGFP5 infiltration five times on leaves that

are 3–4 cm long, each time on multiple plants that are 2- to

4-month old.Nearly all injection sites accumulated antho-

cyanins, suggesting that this leaf transient assay is highly

robust in M. lewisii, as long as the developmental stages of

the plant and the leaf are appropriate.

Our modified transient assay protocol is very simple,

requiring only a minimum of reagents. Standard LB med-

ium supplemented with antibiotics is sufficient for

Agrobacterium propagation and 5 % sucrose solution with

the addition of acetosyringone and Silwet L-77 is sufficient

for highly efficient and reproducible transient transforma-

tion. This transient assay system is a valuable addition to

the functional toolbox of M. lewisii. When target genes are

fused with epitope tags or fluorescent proteins, the transient

assay will allow rapid tests of protein-DNA interactions

through chromatin immunoprecipitation coupled with

quantitative PCR and tests of protein–protein interactions

through co-immunoprecipitation or bimolecular fluores-

cence complementation experiments. It can also be used to

determine protein subcellular localization (e.g., nuclear

localization of transcription factors). The ability to carry

out these functional tests in endogenous tissue rather than

in a heterologous host (e.g., Nicotiana benthamiana leaf or

onion epidermal cell) is an obvious advantage, as heterol-

ogous expression sometimes leads to ambiguous or mis-

leading results (Marion et al. 2008; Zhang et al. 2011).

Performance of EYFP, EGFP and DsRed

in M. lewisii

Having established the transient expression system, next

we tested the performance of EYFP, EGFP, and DsRed in

M. lewisii using the leaf transient assay. We cloned the

CDS of each fluorescent reporter into the pEarlyGate100

vector (Earley et al. 2006), which drives the transgene

expression by the CaMV 35S promoter. Three days after

agroinfiltration, fluorescence signals became readily

detectable. All three proteins gave bright fluorescence

compared to the background autofluorescence (Figs. 2, 3).

The suitability of fluorescent proteins with non-overlap-

ping emission spectrum (EGFP vs. DsRed) for M. lewisii

would make it feasible to track multiple proteins in the

same cell.
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To test whether the lack of mGFP5 fluorescence signal

in the 35S:NEGAN-mGFP5 stable transgenic lines (Yuan

et al. 2014) is due to configuration abnormality of mGFP5

as part of the fusion protein, we also cloned mGFP5 into

the pEarlyGate 100 vector and tested mGFP5 performance

under the same experimental conditions as EYFP, EGFP,

and DsRed. Still no mGFP5 signals were detectable (data

not shown). Together, these results suggest: (1) fluorescent

proteins do not suffer from strong systemic interference in

M. lewisii, such as interference of high-concentration

chlorophylls, a problem known to occur in some other plant

systems (Zhou et al. 2005). Otherwise we would not have

Fig. 1 Transient expression of 35S:NEGAN-mGFP5 activates antho-

cyanin production. a An overall view of anthocyanin accumulation on

the abaxial surface of a leaf around an injection site through a 49

objective. Scale bar 0.5 mm; b zoom in through 409 objective,

showing individual cells with anthocyanin production. Scale bar

20 lm

MlUBC
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d

15
d
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Fig. 2 Transient expression of EYFP in an agroinfilatrated M. lewisii

leaf. a A pavement cell observed under the green channel. b The same

cell under transmitted light. c The same cell under the Alx647 channel

for detecting chlorophyll autofluorescence. d The merged image of

panel a–c. e Superposition of a series of confocal optical sections.

f RT-PCR of EYFP in the agroinfiltrated leaves. PCR cycle number

for EYFP and MlUBC is 31 and 29, respectively. Scale bars 20 lm
(color figure online)
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observed bright fluorescence from EGFP or EYFP; (2)

some fluorescent proteins perform better than others in M.

lewisii, consistent with previous reports on M. aurantiacus

and Torenia fournieri (Sasaki et al. 2014; Susič et al.

2014); (3) performance of the same fluorescent protein can

vary dramatically in different species. mGFP5 was shown

to be a good marker in several other plants (Haseloff and

Siemering 2005; Pasin et al. 2014), but it does not work

well in M. lewisii.

To examine how long the transient gene expression can

last after agroinfiltration, we collected leaf tissue around

the injection sites of 35S:EYFP for a two-week period, and

extracted RNA for RT-PCR. Remarkably, EYFP gene

expression could still be detected by RT-PCR after two

weeks (Fig. 2f), and EYFP fluorescence signal could also

be readily observed from the agroinfiltrated areas within

the same time period. A previous study also showed that

Agrobacterium-mediated transient gene expression could

last for at least 10 days in Arabidopsis seedlings (Li et al.

2009). These results suggest that the transient gene

expression not only is simple and fast to initiate, but also

can sustain long enough to allow plenty of time for

downstream analyses.

Nuclear localization of RCP1

To demonstrate the utility of fluorescent proteins in M.

lewisii, we examined the subcellular localization of a

recently discovered carotenoid regulator, RCP1. RCP1 is

an R2R3-MYB transcription factor and is expected to

Fig. 3 Fluorescence microscopy of transient expression of EGFP (a–
e) and DsRed (f–j). a Pavement cells observed under the green

channel. b The same cells under transmitted light. c The same cells

under Alx647 for detecting chlorophyll autofluorescnece. d The

merge image of panel a–c. e Superposition of a series of confocal

optical sections. f Over-expression of DsRed viewed under the red

channel. g Under transmitted light. h Under the Alx647 channel. i The
merged image of panel f–h. j Superposition of a series of confocal

optical sections. Scale bars 20 lm (color figure online)

Fig. 4 Nuclear localization of RCP1 by transient expression of 35S:RCP1-EYFP in agroinfiltrated leaves. a A pavement cell under transmitted

light. b The same cell under the green channel. c The merged image of a and b. Scale bars 10 lm (color figure online)
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localize in the nucleus. Transient expression of the

35S:RCP1-EYFP construct clearly showed that RCP1 is

indeed nuclear localized (Fig. 4). Based on this demon-

stration, we can easily envision that transient expression of

two target proteins fused with the N- and C-terminal

fragments of EYFP can be used to study transcription

factor interactions through bimolecular fluorescence com-

plementation assays (Lu et al. 2010).

Conclusion

In this study we successfully adopted the commonly used

tobacco leaf transient assay system in Mimulus lewisii.

Using a simplified procedure, we demonstrated that fluo-

rescent proteins with emission wavelengths in both the

yellow-green range and the red range gave bright fluores-

cence in agroinfiltrated M. lewisii leaves. Furthermore, we

demonstrated the utility of fluorescent proteins inM. lewisii

by showing the nuclear localization of RCP1, an R2R3-

MYB transcription factor. Both the transient assay and the

fluorescent proteins are valuable additions to the M. lewisii

toolbox, making this emerging genetic and developmental

model system even more powerful.
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Susič N, Bohanec B, Murovec J (2014) Agrobacterium tumefaciens-

mediated transformation of bush monkey-flower (Mimulus

aurantiacus Curtis) with a new reporter gene ZsGreen. Plant

Cell Tiss Org 116:243–251. doi:10.1007/s11240-013-0402-3

Yang T-T, Cheng L, Kain SR (1996) Optimized codon usage and

chromophore mutations provide enhanced sensitivity with the

green fluorescent protein. Nucleic Acids Res 24:4592–4593.

doi:10.1093/nar/24.22.4592

Yang Y, Li R, Qi M (2000) In vivo analysis of plant promoters and

transcription factors by agroinfiltration of tobacco leaves. Plant J

22:543–551. doi:10.1046/j.1365-313x.2000.00760.x

Yuan Y-W, Sagawa JM, Young RC, Christensen BJ, Bradshaw HD

(2013a) Genetic dissection of a major anthocyanin qtl contribut-

ing to pollinator-mediated reproductive isolation between sister

species of Mimulus. Genetics 194:255–263. doi:10.1534/genet

ics.112.146852

Plant Cell Rep

123

http://dx.doi.org/10.1111/j.1365-313X.2005.02617.x
http://dx.doi.org/10.1111/j.1365-313X.2005.02617.x
http://dx.doi.org/10.1002/0471739499
http://dx.doi.org/10.1016/S0168-9452(96)04541-4
http://dx.doi.org/10.1016/S0168-9452(96)04541-4
http://dx.doi.org/10.1016/S1360-1385(02)02251-3
http://dx.doi.org/10.1111/j.1365-313X.2009.04048.x
http://dx.doi.org/10.1126/science.1187096
http://dx.doi.org/10.1111/j.1365-313X.2008.03596.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03596.x
http://dx.doi.org/10.1007/978-1-4419-1260-2_16
http://dx.doi.org/10.1007/978-1-4419-1260-2_16
http://dx.doi.org/10.1007/s11829-011-9133-8
http://dx.doi.org/10.1186/1746-4811-10-22
http://dx.doi.org/10.1111/nph.13647
http://dx.doi.org/10.1007/s004380050604
http://dx.doi.org/10.1007/s11240-013-0402-3
http://dx.doi.org/10.1093/nar/24.22.4592
http://dx.doi.org/10.1046/j.1365-313x.2000.00760.x
http://dx.doi.org/10.1534/genetics.112.146852
http://dx.doi.org/10.1534/genetics.112.146852


Yuan Y-W, Sagawa JM, Di Stilio VS, Bradshaw HD (2013b) Bulk

Segregant Analysis of an Induced Floral Mutant Identifies a

MIXTA-like R2R3 MYB Controlling Nectar Guide Formation in

Mimulus lewisii. Genetics. doi:10.1534/genetics.113.151225

Yuan Y-W, Sagawa JM, Frost L, Vela JP, Bradshaw HD (2014)

Transcriptional control of floral anthocyanin pigmentation in

monkeyflowers (Mimulus). New Phytol 204:1013–1027. doi:10.

1111/nph.12968

Zhang Y et al (2011) A highly efficient rice green tissue protoplast

system for transient gene expression and studying light/chloro-

plast-related processes. Plant Methods 7:30

Zhou X, Carranco R, Vitha S, Hall TC (2005) The dark side of green

fluorescent protein. New Phytol 168:313–322. doi:10.1111/j.

1469-8137.2005.01489.x

Plant Cell Rep

123

http://dx.doi.org/10.1534/genetics.113.151225
http://dx.doi.org/10.1111/nph.12968
http://dx.doi.org/10.1111/nph.12968
http://dx.doi.org/10.1111/j.1469-8137.2005.01489.x
http://dx.doi.org/10.1111/j.1469-8137.2005.01489.x

	Testing the utility of fluorescent proteins in Mimulus lewisii by an Agrobacterium-mediated transient assay
	Abstract
	Key message
	Abstract

	Introduction
	Materials and methods
	Plant materials and growth conditions
	Plasmid construction
	Agroinfiltration of M. lewisii leaves
	RNA extraction and RT-PCR
	Confocal microscopy

	Results and discussion
	Transient expression of NEGAN
	Performance of EYFP, EGFP and DsRed in M. lewisii
	Nuclear localization of RCP1

	Conclusion
	Acknowledgments
	References




