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Abstract
Duckweeds belong to the smallest aquatic flowering plant family, Lemnaceae, and have a rapid doubling time, making this 
group an excellent system to study reduced morphology and wide environmental adaptability at the molecular level. Despite 
the availability of genomic and transcriptomic data for duckweed member, Lemna minor, lack of an efficient genetic trans-
formation system has limited its use in plant molecular biology research. The present study reports an efficient and rapid 
Rhizobium rhizogenes-mediated root transformation system for L. minor. Two different factorial experiments were designed 
to test the effect of explant type, age, culture media and inoculation methods on transformation efficiency. Leaf and root tip 
cut explants were inoculated with R. rhizogenes strain MSU 440 harboring pBIN-YFP vector using yellow fluorescent protein 
(YFP) as a reporter gene for identification of transgenic roots. In addition, two different culture media, full MS and 0.25X 
Hoagland, and four different infection methods, solid culture, centrifugation, liquid culture and sonication, were compared. 
After 8 weeks, about 17% of the root tip-cut explants infected via the solid culture method and maintained in 0.25X Hoagland 
medium had YFP-expressing roots. These transgenic L. minor roots were morphologically similar to normal roots and PCR 
analysis demonstrated that the YFP-expressing roots were positive for the integration-expected rol genes. The described opti-
mized root transformation procedure is a valuable tool for pursuing high-throughput gene characterization studies in L. minor.
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Introduction

Lemnaceae, commonly known as duckweeds, are the small-
est and fastest growing angiosperms. Other than duckweed’s 
potential as a biomass source (Muradov et al. 2010), it has 
gained wide attention as a model system to study important 
biological processes, such as uranium clocks and rhythmic 
(Muranaka et al. 2015) phytotoxicity (Horemans et al. 2015), 
transfer of heavy metals to food chain (Lahive et al. 2014) 
and adaptation to environmental conditions (Appenroth and 
Adamec 2014). While such mechanisms have been studied 
at the morphological and biochemical level, studies on 
physiological mechanisms and genetic improvement awaited 
support from molecular work. Recent work on sequencing 
genomes of several duckweed species (Wang and Messing 

2011; Wang et al. 2014 reviewed by Cao et al. 2015) and 
transcriptomics work under different growth and stress con-
ditions (Wang and Messing 2014) have generated a consid-
erable amount of sequencing data. However, lack of avail-
ability of a simple plant transformation system has limited 
the functional characterization of candidate genes and path-
ways identified through high-throughput sequencing studies. 
Chhabra and colleagues (Chhabra et al. 2011) have further 
improved the previously published (Yamamoto et al. 2001) 
Rhizobium tumefaciens (formally known as Agrobacterium 
tumefaciens)-mediated transformation protocol for L. minor. 
While transgenic fronds were obtained within 3 weeks, the 
procedure requires a preparatory period of about 10 weeks. 
Further, the calli generated from frond explants are used for 
R. tumefaciens inoculation, which is not ideal, as it is known 
that indirect organogenesis through hormonal treatments of 
calli may affect genetic stability and lead to somaclonal vari-
ations. The described work to develop a relatively simple 
and quick method for duckweed transformation will greatly 
facilitate high-throughput genetic studies.
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Similar to R. tumefaciens, R. rhizogenes is a soil-borne 
bacterium that infects dicotyledonous plants. The bacterium 
responds to the chemical signals, particularly acetosyrin-
gone, released by wounded plant tissues (Winans 1992) and 
infects plant tissue through wounds. R. rhizogenes transfers 
and integrates a portion of its root-inducing (Ri) plasmid, 
consisting of root locus (rol) genes, into the host plant 
genome. Like the R. tumefaciens, Ti plasmid, the Ri plasmid 
gene products encode growth regulators. Rather producing 
than stimulating the development of a gall-like morphologi-
cal structure; however, infection of host plant roots by R. rhi-
zongenes leads to the proliferation of multi-branched roots 
called “hairy roots” at the site of infection (Chilton et al. 
1982). R. rhizogenes-transformed roots are widely used in 
plant biology, including plant regeneration (Tepfer 1984), 
secondary metabolites production (Tian 2015), expression 
of foreign genes (Lonoce et al. 2016), studying biology of 
plant roots (Estrada-Navarrete et al. 2006; Plasencia et al. 
2016), gene silencing (Limpens et al. 2004; Ron et al. 2014; 
Bandaranayake and Yoder 2013), assaying genes specific 
for rhizosphere interactions including nematodes (Li et al. 
2011), nitrogen-fixing rhizobia (Kasai and Kanazawa 2011) 
mycorrhiza (Kuster et al. 2007) and root parasitic plants 
(Fernadez-Aparicio et al. 2011; Ishida et al. 2011; Bandara-
nayake et al. 2010).

Here we introduce an R. rhizogenes-mediated transforma-
tion method that results in chimeric plants with transgenic 
roots and non-transgenic fronds ready for functional assays 
within 8 weeks. Two different types of explants, two dif-
ferent types of media and three different infection methods 
were tested.

Material and methods

L. minor, known as common duckweed, was used as the 
plant material. The R. rhizogenes strain, MSU 440 harbor-
ing pBIN-YFP plasmid kindly provided by the Yoder lab at 

UC-Davis was used for all the experiments (Bevan 1984; 
Tomilov et al. 2006). The plasmid pBIN-YFP (11,775 bp) 
is a binary vector consists of kanamycin resistance gene for 
bacterial origin of replication and T-DNA region. Within the 
T-DNA borders there are kanamycin and YFP reporter genes 
for plant selection. When YFP is driven by CaMV 35S pro-
moter (Tomilov et al. 2006) and kanamycin is driven by nos 
promoter (Bevan 1984). The bacteria were grown on MGL 
media (Walkerpeach and Velten 1994) at 28 °C.

First, the sterilization method, growth conditions, tem-
perature, light intensity, solid media composition were opti-
mized for L. minor growth. Each experiment consisted of 
three biological replicates with 15–30 individual plants in 
each replicate.

Optimization of surface sterilization

Four different sterilization methods previously used for 
Lemna spp were tested with some modifications (Table 1). 
After sterilization, individual plants were cultured in test 
tubes containing 0.25X Hoagland medium with 10 g/l sugar 
and maintained at 25 °C room at 16 h light and 8 h dark 
intervals. After 2 weeks, plants that survived without con-
tamination were counted.

Optimization of L. minor growth

To determine the optimum temperature range (23–25) oC, 
(29–32) oC and (35–38) oC were tested at 85 µmolm−2 s−1 
light intensity. The growth of L. minor was recorded for 5  
consecutive days. Three different light intensities 10, 46, 
85 µmolm−2 s−1were tested at (29–32) oC temperature.

Murashige and Skoog (MS) (Murashige and skoog 
1962) medium has been used in previous transformation 
experiments. The growth performances of L. minor on solid 
Hoagland and MS medium were tested. Each experiment 
was replicated three times and maintained at 16 h light and 

Table 1   Sterilization methods tested

Method Original method Optimization

Method 1 (Bowker et al. 1980) Five different concentrated (0.5, 1, 2, 3, 5) %v/v solu-
tion of 14% v/v clorox were prepared and bleached 
stepwise from each at 30 s interval. Finally, plants 
were rinsed through sterile distilled water

Time interval increased up to 8 min

Method 2 (Thomson and Dennis 2013) Sterilized by submerge in 10% v/v clorox for 10 s and 
transferred into 70% v/v ethanol for 10 s. Finally 
rinsed with sterile distilled water

Submerged time increased up to 20 s

Method 3 (Jenner and Janssen-Mommen1993) Immersed by the 70% ethanol, followed by 1% 
clorox10s and rinsed with sterilized water

Submerged in 70% ethanol increased 
up to 20 s, followed by 1% clorox up 
to 4 min

Method 4 (Appenroth 2015) Washed by 70% of ethanol and 3–5% of clorox in 
6 min and rinsed with sterilized water

Time interval decreased up to 4 min
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8 h dark conditions. The root growth was measured for 
6 days in one-day intervals.

R. rhizogenes transformation

Four different R. rhizogenes infection methods previously 
used for other species (streak, liquid culture, sonication and 
centrifugation) and two different culture media (full MS with 
3% sugar, 0.25 × Hoagland 1% sugar) were tested with root 
tip-cut fronds as explants.

Streak method

For the streak infection method (Walkerpeach and Velten 
1994), an overnight liquid culture obtained from a single 
colony of MSU 440 with the plasmid was spread on a MGL 
plate with 50 µg/l kanamycin and allowed to grow at 29 °C 
for 12–24 h, until a creamy lawn of bacteria was observed 
(Fig. 1a). Then, from (Fig. 1b) Lemna explants, roots were 
wounded by cutting about 0.5 cm from the root tip with a 
sharp pair of scissors according to Fig. 1c and the cut sur-
face was dipped carefully into the creamy culture (Fig. 1d). 
Plantlets were placed on either MS or Hoagland media con-
sisted of 200 µm acetosyringone (Fig. 1e). The plates were 
maintained at 16 °C with 85 µmolm−2 s−1 light intensity for 
2 days of co-cultivation.

Liquid method

For the liquid culture infection method (Yamamoto et al. 
2001), 200 ml of liquid MGL culture with the plasmid 
was grown at 160 rpm until an OD600 value of 0.5 was 
reached. Then, 200 µm of acetosyringone was added to 
the culture. Sharply cut explants roots (Fig.  1c) were 

introduced to the liquid bacterial culture and shaken for 
20 min. Explants were then transferred to either liquid MS 
or Hoagland media and kept on the shaker for 3 days at 
16 °C for co-cultivation.

Sonication

For the sonication infection method (Finer and Trick 1997) 
the MSU 440 culture was again grown to an OD600 of 0.5, 
followed by the addition of 200 µm acetosyringone. Then, 
1.5 ml sterile tubes were filled with the prepared culture 
and a single wounded plant was introduced to each tube. 
After three minutes of sonication, the plants were trans-
ferred to either MS or Hoagland plates with sugar and kept 
in 16 °C for 3 days.

Centrifugation

For the centrifugation infection method (Thu et al. 2015), 
a transformation culture was prepared as described for the 
sonication method. Again, 1.5 ml sterile tubes were filled 
with the prepared culture and a single wounded plant was 
introduced to each tube. However, instead of sonication 
the tubes were then centrifuged at 12,000 rpm for 10 min 
and kept at room temperature for another 20 min before 
transferring to co-cultivation plates and maintaining for 
3 days at 16 °C.

After the co-cultivation period, explants were trans-
ferred to plates containing the same medium (either MS 
or Hoagland) with 300 mg/l timentin, but without sugar or 
acetosyringone, and kept horizontally at 25 °C temperature 
with 85 µmolm−2 s−1 light intensity.

Fig. 1   R. rhizogenes inocu-
lation: streak method. a R. 
rhizogenes culture on solid 
MGL media grown for 24 h. b 
Healthy sterile plants used as 
explants. c Method of explants 
root cut. d Surface of the 
wound, streak on the bacterial 
lawn. e Introduce transformed 
plants into MS or Hoagland 
media. Size bar − 1 cm
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Further optimization of streak method

Since the streak method resulted in the highest transfor-
mation efficiency in initial experiments and with easy 
preparatory and handling steps, it was selected as the pre-
ferred method for continued optimization for media types, 
explant age, etc. Two different explant ages (two fronds and 
four fronds), two different media types (full MS with 3% 
sugar and 0.25X Hoagland with 1% sugar) and two differ-
ent explant types (root tip cut and leaf cut) were tested in 
another factorial experiment.

Across all of the experiments, a single Petridish with 
10–15 plants was considered a technical replicate. The num-
ber of times each experiment was repeated were counted 
as biological replicates. Number of YFP-expression roots 
per Petridish and number of YFP-expressing roots per plant 
were counted after 8 weeks from the date of transforma-
tion using an Olympus (SZX10 Japan) stereo zoom research 
florescence microscope equipped with a YFP filter set with 
excitation HQ490-500, DM505, and emission HQ515-610. 
Images were captured with a C-mount CCD camera.

Integration of rol genes into plant genome

PCR primers were designed based on previous literature 
(Table 2) to confirm integration of rolB, rolC, virD2 genes. 
Absence of Rhizobium surrounding the roots (potential 
source of false positive PCR results) was confirmed by trans-
ferring roots to sugar-containing media before performing 
PCR. Selected L. minor root tips were isolated from indi-
vidual plants and put into 1.5 ml tubes containing 2 µl of 
TE buffer, one root tip per tube, then crushed with a pipette 

tip. The root tip-TE buffer mixture was then stored in the 
refrigerator for 1 h. 1 µl of the solution was added to the 
PCR mix containing, 5 µl of 5 × PCR buffer, 1.5 µl of 25 mM 
MgCl2, 0.4 µl of 10 mM dNTP, 3 µl of 10 mM spermidine, 
0.5 µl of 10 mM forward primer; 0.5 µl of 10 mM reverse 
primer, 0.1 µl of Taq polymerase (Go-TaqPomega) and 13 µl 
of nuclease free water. The PCR program was set with initial 
denaturation at 94 °C for 5 min followed by 35 cycles at of 
94 °C for 30 s, 62 °C for 30 s, 72 °C for 1 min and a final 
extension of 72 °C for 10 min. A well-grown R. rhizogenes 
MSU 440 colony was suspended in water and used as a posi-
tive control. The PCR products were subjected to agarose 
gel electrophoresis (1%) and analyzed with a size marker.

Results and discussion

Optimization of L. minor growth

It is essential to have an optimized sterilization protocol for 
any in vitro study including Rhizobium transformation. To 
achieve this objective, four different sterilization methods 
previously used for Lemna species were tested with some 
modifications (Table 1). However, the optimization was sig-
nificant only for method two (Fig. 2a) where the time of both 
Clorox treatment and the ethanol treatment doubled. With 
this, success of optimized method increased above 90% com-
pared to 14% achieved with method described by Thomson 
and Dennis (2013).

Previous studies with L. minor have suggested different 
temperature ranges for its optimum growth. For example, 
Landolt and Kandeler (1987) reported 26 °C as the optimum 
temperature, while Leng (1999) suggested that the growth 
and proliferation of L. minor increased with increasing 
temperature up to 33 °C and decreases thereafter. Further, 
studies done by Heide et al. (2006) concluded that 38 °C 
was lethal for L. minor. Therefore, we tested three different 
temperature ranges (23–25) oC, (29–32) oC and (35–38) oC 
and, of them, the number of fronds counted after 5 days 
(Fig. 3a–f) were significantly higher in the culture main-
tained at the temperature (29–32) oC (Fig. 2b).

Further, three different light intensities were tested. L. 
minor did not prefer low light intensity, while there was 
no significant difference between 46  µmolm−2  s−1 and 
85 µmolm−2 s−1 (Fig. 2c). Previous works have also sug-
gested higher light intensities for L. minor growth (Tabou 
et al. 2013).

It has been suggested that the doubling time of L. minor 
is around 48 h at optimum conditions (Leng 1999). When L. 
minor plants were grown in 0.25X Hoagland medium with 
1% sugar and maintained at (29–32) oC and 85 µmolm−2 s−1 
light intensity, the population doubled every 48 h (Fig. 2d). 

Table 2   Primers used for testing integration of R. rhizogenes genes

Primer Nucleotide sequence Expected 
product 
size

rolB forward 5′CGA GGG GAT CCG ATT TGC 
TTT-3′

625 bp

rolB reverse 5′GAC GCC CTC CTC GCC TTC 
CT-3′

rolC forward 5′TCG CCA TGC CTC ACC AAC 
TCA- 3′

422 bp

rolC reverse 5′CCT TGA TCG AGC CGG GTG 
AGA- 3′

VirD2 forward 5′ATG CCC GAT CGA GCT CAA 
GT-3´

338 bp

VirD2 reverse 5´ CCT GAC CCA AAC ATC TCG 
GCT-3´

rbcL forward 5´ ATG TCA CCA CAA ACA GAA 
AC-3´

550 bp

rbcL reverse 5´ TCG CAT GTA CCT GCA GTA 
GC-3´
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Therefore, we considered those conditions as optimal for the 
growth of L. minor in our experimental setup.

MS medium has been used in previous transformation 
experiments of L. minor (Yamamoto et al. 2001), while 
both Hoagland and MS media have frequently been used in 
R. rhizogenes transformation and subsequent experiments 
with the roots of many species (Ron et al. 2014; Bandara-
nayake and Yoder 2018; ono et al. 2012). Therefore, root 
growth of L. minor was studied on 0.25X Hoagland with 1% 
sugar and full MS with 3% sugar in these experiments. The 
results showed that L. minor root growth was significantly 
higher on Hoagland medium than on MS medium (Fig. 2e). 
Interestingly, the tested 0.25X Hoagland medium contains 
a lower amount of N (52.5 mg/l) than that of the tested full 
MS (776.69 mg/l). Nitrogen in the tested Hoagland medium 

derived from CaNO3 and KNO3, while it was derived from 
NH4NO3 and KNO3 in the tested MS medium. Previous 
work of Porath and Pollock (1982) and Fang et al. (2007) 
showed that duckweed prefers uptake of NH4+ than NO3

−; 
however, works by Oron et al. (1985) and Caicedo et al. 
(2000) showed that higher NH4+ concentrations inhibit the 
growth of duckweed. Oscarson et al. (1988) found out that 
root growth of L. minor decreases with the higher availabil-
ity of nitrogen, a result that seems to be supported by the 
research finding reported here.

Suitable transformation method for L. minor

There are various methods developed for successful infec-
tion of R. rhizogenes. The preferred method varies mainly 
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with the plant species. However, most scientists prefer meth-
ods optimized for speed and ease of use, especially for large 
scale studies. Hence, we tested four available R. rhizogenes 
infection methods with the objective of achieving the highest 
efficiency within the shortest time duration. Additionally, 
two different co-cultivation media were compared for each 
method.

In all the transformation methods describe here, resulting 
plants are chimeric, where leaves or top part of the plants 
are non-transgenic and roots generate from the infected cut 
surface are transgenic (Fig. 4a–e). The number of plants per 
plate with at least one YFP-expressing root was counted and 
the percentage was taken as the transformation efficiency 
(Fig. 5a). Further, when present, number of YFP-expressing 
roots per plant were counted and expressed as a fraction of 
total number of roots present and introduced as YFP expres-
sion efficiency (Fig. 5b). None of the plants survived more 
than 5 days after being subjected to sonication for 3 min-
utes and, therefore, the sonication treatment could not be 
continued.

From the methods tested, the streak method resulted in 
the highest transformation efficiency of around 17%, fol-
lowed by the liquid culture method with a transformation 
efficiency of approximately 15%, while the centrifugation 
method resulted in the lowest efficiency of about 2%. Of 
the three methods, we selected the streak method since it 
has relatively higher efficiency together with easy prepara-
tory and handling steps. For the streak method, a lawn of 
bacteria covers the newly wounded plant surface as the 
wound is healed slowly at 16 °C. In the liquid culture and 
centrifugation methods, the number of bacteria cells in 
contact with the wound surface and the time duration are 

likely lower compared to the streak method. Of the two co-
cultivation media tested, higher transformation efficiency 
was achieved when the inoculated plants were grown in 
0.25X Hoagland medium with 1% sugar and subsequently 
transferred to the same medium without sugar, compared 
to the growth on full MS medium with 3% sugar as the 
co-cultivation medium and the same without sugar as the 
regeneration medium. However, there was no significant 
difference in percentage of YFP expressing roots between 
two media combinations (Fig. 5b).

In a separate two-factor experiment, the effect of growth 
stage, two fronds vs. four fronds, was compared with 
Hoagland and MS media combinations (Fig. 5c). When 
the two-frond stage was used, the transformation efficiency 
was 18% in Hoagland media and 14% in MS media. Trans-
formation efficiency was significantly lower when older, 
four frond plants were selected as the explant material. 
These experiments confirm the observation that R. rhizo-
genes transformation efficiency is typically higher when 
younger explants are used (Piqueras et al. 2010), which 
may be due to the physiological activities of younger tis-
sues that promote growth and development of transformed 
cells.

Of the two different explant types tested, root tip cut 
explants gave positive results, whereas leaf cut explants 
died within 5  days of bacterial infection. While leaf 
experiments are used in other species, such as pomegran-
ate (Ono et al. 2012) tomato (Ron et al. 2014) and many 
other species, the relative fragility or the monocotyledon-
ous nature of L. minor may have affected leaf cut explant 
survival after infection.

Fig. 4   Transgenic L. minor 
roots. a, b Under white light. c, 
d, e Under florescent micro-
scope. Size bar = 1 mm
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Confirmation of gene integration

Florescent markers are a reliable, effective and non-destruc-
tive way of identifying transgenic tissues. To confirm the 
integration of bacterial genes into the plant genome, pres-
ence of several R. rhizogenes Ri plasmid-specific genes were 
tested via PCR (Fig. 6). These genes and the primers have 
been successfully used in previous work (Medina-Bolivar 
et al. 2007; Triplett et al. 2008; Wang et al. 2010; Ono et al. 
2012). Of them, rolB and rolC are located within the T-DNA 
boarders and virD2 is located outside. As such, the virD2 
does not integrate into the plant genome and is amplified 
only from the positive control, R. rhizogenes MSU 440 

bacterium. Therefore, the bacterial cells present outside the 
tissue are completely eliminated by growing the roots on no 
sugar media and by treating with antibiotics. The univer-
sal plant barcoding region rbcL was used as plant-specific 
sequence to confirm PCR results.

Conclusions

This work has led to the identification of optimal methods 
for the growth and transformation of L. minor with R. rhizo-
genes. Of the methods tested, optimal transformation effi-
ciency was achieved when two-frond stage L. minor root-cut 
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explants were inoculated with 24 h old R. rhizogenes MSU 
440 cultures growing on an agar plate. The explants recov-
ered best when co-cultivated in 0.25X Hoagland with 1% 
sugar at 16 °C and 85 µmolm−2 s−1 light intensity with sub-
sequent growth on 0.25X Hoagland medium without sugar 
at 23 °C for another 7 weeks. Using these optimized condi-
tions, a transformation efficiency of at least 17% of L. minor 
explants expressing YFP in roots was achieved.
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