
Introduction

The rapid worldwide spread of energy crisis is

driving people to find other renewable and envi-

ronmentally friendly energy resources, like etha-

nol and biodiesel (Pahl and McKibben 2005).

Lowering the cost of raw materials for production

of biodiesel is one of the prominent targets (Miao

and Wu 2006). Microbial oil has similar or even

better properties than those of vegetable, animal,

and waste oils (Yan and Chen 2003). Thus micro-

bial oil is a potential alternative oil resource for

biodiesel raw material production. Umbelopsis

isabellina is a filamentous zygomycete that pro-

duces asexual uninucleate spores. It is one of the

best microbial oil producers, accumulating total

fatty acids up to 86% of its dry weight

(Papanikolaou et al. 2004). Moreover, U. isabellina

can produce polyunsaturated fatty acids, such as

g-linolenic acid (GLA), which can function as pre-

cursors to some very important molecules, like

prostaglandin in humans (Horrobin 1992; Gill and

Valivety 1997).
In order to investigate the lipid metabolism and

improve the quality of microbial oil by reducing
the amount of polyunsaturated fatty acid, which is
not very stable under oxidative conditions,

D
6- fatty acid desaturase gene responsible for the

formation of GLA in U. isabellina has been suc-
cessfully knocked out by polyethylene glycol
(PEG)-mediated transformation (Zhang et al.
2007). However, the preparation of protoplast is a
relatively expensive and time-consuming process.
Transformation efficiency is also relatively low
and the transformants obtained by this method are
not very stable, because the plasmid introduced by
this method exists in an autonomously replicating
form. In order to explain why this microorganism
can produce and accumulate more lipids than
other species, another more efficient transforma-
tion method is needed, to produce more stable
transformants for insertional mutagenesis and
gene targeting analysis.
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Agrobacterium tumefaciens is a Gram-nega-
tive soil bacterium that can cause crown gall tu-
mors at wound sites of infected dicotyledonous
plants by transferring T-DNA into plant cells
(Stafford 2000). A. tumefaciens can also transfer
T-DNA into non-plant organisms, such as yeast
and other fungi (Bundock et al. 1995). The first
protocol of A. tumefaciens-mediated transforma-
tion (ATMT) for filamentous fungi was estab-
lished in 1998 (De Groot et al. 1998). Since then,
various fungal species and different starting mate-
rials – such as conidia, hyphal fragments and
basidiocarp pieces – have been successfully trans-
formed by using the ATMT method (Michielse
et al. 2005; Mullins and Kang 2001).

However, due to unknown reasons, the attempt
to transform zygomycetes with the ATMT method
was not as successful as in other fungal groups. Ei-
ther protoplast preparation was needed in ATMT,
or only unstable transformants could be obtained
(Monfort et al. 2003; Michielse et al. 2004). Only
few studies about successful transformation of
zygomycetes have been reported (Nyilasi et al.
2008). Therefore, some improvements must be
done to optimize the transformation procedure for
these lower eukaryotic microorganisms.

In the present study, A. rhizogenes strain R105
was introduced for the first time in this transfor-
mation procedure, and the results were compared
with those from the most commonly used
A. tumefaciens strains LBA4404 and EHA105.
Other conditions – such as binary vectors, ratio of
bacteria to spores, and co-cultivation time – were
also optimized. An efficient A. rhizogenes-medi-
ated transformation (ARMT) method for the
oil-producing filamentous fungus U. isabellina
with germinated conidia as the starting material
was established, and a large amount of positive
transformants with a stable phenotype were ob-
tained by this method.

Materials and methods

Strains and medium

Wild strain U. isabellina 6–22 and all
transformants obtained by ARMT were main-
tained on Czapek-Dox agar (Czapek 1902; Dox
1910) containing 0.5% of yeast extract.
A. rhizogenes strain R105 (Yang et al. 2006) and
EHA105 (Hood et al. 1993) were purchased from
the Agricultural Culture Collection of China.
A. tumefaciens strain LBA4404 (Hoekema et al.
1983) were purchased from Invitrogen (CA,
USA). All agrobacteium strains were maintained
on YEB agar (0.5% beef-extract, 0.1%
yeast-extract, 0.5% peptone, 0.5% sucrose, 2 mM
MgSO4, 1.5% agar) with or without kanamycin
(50 mg L–1). The induction medium (IM) used in
the co-cultivation process contained 50 mM MES
[2-(4-morpholino)-ethanesulfonic acid], 1×AB
salts (0.0187 M NH4Cl, 0.0122 M MgSO4,
0.002 M KCl, 0.09 mM CaCl2, 0.009 mM FeSO4,
pH 7), 0.1% glycerol, and 0.2 mM acetosyringone
(AS) (Bundock et al. 1995). Transformants were
selected on Czapek-Dox agar with 0.5% yeast ex-
act supplemented with hygromycin (200 mg L–1)
and cefotaxime (200 mg L–1).

Plasmid constructions

Two resultant plasmids were used in this transfor-

mation procedure. The first plasmid named

pBI-hph (Figure 1A) was constructed by insertion

of a 2.5-kb EcoRI/XbaI fragment from the pD4

plasmid (Mackenzie et al. 2000) containing the

hygromycin B phosphotransferase (hph) expres-

sion cassette into the EcoRI/XbaI site of the

pBI121 plasmid, which was purchased from

Clontech (Palo Alto. CA). The expression of hph

in plasmid pD4, kindly provided by Dr DA Mac-
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Figure 1. Sketch map of 2 resultant binary vectors pBI-hph(A) and pBI-hph II(B) containing different promotersH4 and

gpdA. Two important single enzyme restriction sites for the construction of plasmid (XbaI and EcoRI) are indicated.



kenzie (Institute of Food Research, Norwich, UK),
was under the control of the promoter of histone
H4 from the zygomycete Mortierella alpina and
terminator from Aspergillus nidulans

N-(59-phosphoribosyl) anthranilate isomerase
(trpC). The second resultant plasmid pBI-hphII
(Figure 1B) also contained the hph expression cas-
sette, but it was under the control of gpdA tran-
scription promoter and trpC terminator from
A. nidulans. It was kindly provided by Dr Xudong
(Department of Microbiology, Nankai University,
China) and used directly to compare the effect of
various promoters on transformation efficiency.
pBI-hphII was constructed by insertion of a 3.4-kb
fragment containing the hph cassette from
pAN7-1 (Mullaney et al. 1985) into the pBI121
plasmid site cut with EcoRI and XbaI (Figure 1B).

Fungal transformation

A. rhizogenes strain R105, as well as A.

tumefaciens strains LBA4404 and EHA105 con-
taining the resultant plasmids, were grown in YEB
agar supplemented with kanamycin (50 mg L–1)
on a rotatory shaker (200 rpm) at 28°C overnight.
Next, 200 �L of fresh Agrobacterium cultures
were inoculated into 5.0 mL of IMAS, and incu-
bated in a shaker (200 rpm) at 28°C until the de-
sired optical density at 600 nm (0.2, 0.5, 0.8 and
1.5) was reached. Then, 100 �L of Agrobacterium

cultures with different densities were mixed with
100 �L M6-22 conidia (106) and spread onto IM
agar plates containing AS. Millipore filter or nylon
filter (Hybond-N; Amersham Biosciences, Little
Chalfont, United Kingdom) were used to cover the
plates. Co-cultivation plates with different combi-
nations were incubated at 28°C for 12, 24, 36, and
48 h. To further select positive transformants, fil-
ters containing the transformants were transferred
to other selective Czapek-Dox agar plates with an-
tibiotics, and incubated at 28°C for additional
4–6 days. Three replications (plates) were made
for each combination. Transformation efficiency
was recorded as numbers of transformants ob-
tained from 106 conidia.

Molecular analysis of the transformants

PCR was first performed to confirm the insertion
of T-DNA by using genomic DNA as template ex-
tracted with slightly modified CTAB method
(Zhang et al. 2008b). Briefly, 1.5 mL of mycelium
suspension or mycelium scraped from the plate
was put into a 1.5-mL tube and washed twice with
sterile water by centrifugation at 12 000 rpm for

5 min. 500 µL of 5 × CTAB extraction buffer
(Fang et al. 1992) was added into the
centrifugation tube to re-suspend the mycelium,
and next the tube was dipped 3 times in liquid ni-
trogen and 65oC water bath, for 30 s each. After
that, the mycelium was disrupted by vortexing at
the highest speed for 3 times with glass beads in
the tube. The genomic DNA was extracted by a
mixture of phenol, chloroform, and isoamylol
(25:24:1) twice, and precipitated by ethanol. The
forward primer HPH1 (5’-ATG CCT GAA CTC
ACC GCG AC-3’) and reverse primer HPH2
(5’-CTA TTC TTT GCC CTC GGA C-3’) were
designed basing on the 5’ and 3’-end coding re-
gions of the hph gene, respectively. Further confir-
mation of the insertion was done by Southern blot
analysis. For 4 days, 11 randomly selected
transformants were grown in potato dextrose broth
in a rotatory shaker (200 rpm) at 28°C. Next, 20 µg
of genomic DNA was digested with HindIII and
separated by electrophoresis on 0.8% agarose. The
digested DNA was transferred onto a positively
charged nylon membrane (Roche Diagnostics Co-
operation, Indianapolis, IN, USA) according to the
Turboblotter protocol (Schleicher and Schuell,
Germany). Prehybridization, hybridization, and
high stringency washes at 65°C were performed
using DIG High Prime DNA Labeling and Detec-
tion Starter Kit II (Roche Diagnostics GmbH, Ger-
many). An 819-bp fragment amplified from the
hph gene in pD4, by using the above primer pair,
was purified with the PCR purification kit
(Dingguo Company), and labeled with
digoxigenin according to the DIG High Prime
DNA Labeling and Detection Starter Kit II proto-
col and used as the probe in the Southern blot ex-
periment.

Functional analysis of the transformants

Total fatty acids (TFA) were extracted by incubat-
ing 100 mg of dry mycelium powder in 5 mL of
5% (w/v) KOH in methanol for saponification at
70°C for 5 h. After the pH was adjusted to 2.0 with
HCl, the fatty acids were subjected to methyl-
esterification with 4 ml of 14% (w/v) boron tri-
fluoride in methanol at 70°C for 1.5 h. Subse-
quently, fatty acid methyl esters (FAMEs) were
extracted with hexane after addition of saturated
sodium chloride solution. Fatty acid methyl esters
were analyzed by gas chromatography (GC-9A,
Shimadzu, Kyoto, Japan) and primarily identified
by comparison of their retention times with those
of standards (Sigma). Further identification of
FAMEs was performed by GC mass spectrometry,
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using a HP G1800A GCD system (Hewlett-

Packard, Palo Alto, CA, USA). Both analyses

were carried out with the same polar capillary col-

umn (HP, 5.30 m, –0.25 mm internal diameter,

0.25 mm internal film thickness). All the samples

were analyzed under the same conditions at least

3 times.

Results

Effects of different experimental conditions on

transformation efficiency

Three different Agrobacterium strains (including

A. tumefaciens LBA4404, EHA105, and

A. rhizogenes strain R105) and binary vectors

pBI-hph and pBI-hphII (with different promoters)

were first used in these combinations.

A. rhizogenes strain R105 consistently gave the

highest transformation efficiency regardless of the

plasmids it carried (Figure 2). In addition, strains

containing plasmid pBI-hph gave higher transfor-

mation efficiency than those containing pBI-hphII

(Figure 2).

Therefore, A. rhizogenes strain R105 contain-

ing the plasmids pBI-hph and pBI-hphII were used

in subsequent transformation experiments to in-

vestigate other conditions that could affect the

transformation efficiency. The effect of bacte-

rium-to-conidia ratio on transformation efficiency

was investigated by co-cultivating 100 mL of vari-

ous concentrations of bacterial suspensions with

100 mL of fungal conidia (106). The highest trans-

formation efficiency was obtained when the opti-

cal density at 600 nm (OD600) of the bacterium

suspension reached 1.0 (Figure 3). OD600 of 1.5 re-

sulted in a significant drop of transformation

efficiency.
Under the above conditions, U. isabellina

spores were co-cultivated with A. rhizogenes cells
for various times before transfer to selection me-
dia. Transformation efficiency was increased after
a longer co-cultivation time, and 48 h was the most
suitable time (Figure 4). Longer co-cultivation
time (60 h) resulted in the growth of mycelium,
and no single transformant was obtained then
(data not shown).

The presence of AS is essential for the success-

ful transformation of filamentous fungi (Michielse

et al. 2004). The effect of AS on transformation ef-

ficiency was also investigated in this study. Our

results again confirmed the previous findings

(De Groot et al. 1998; Mullins et al. 2001), as there

were no transformants without AS in the liquid IM

during the preculture (data not shown).
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Figure 4. Effects of different co-cultivation time of

A. rhizogenes with different plasmids on transformation

efficiency

Figure 2. Effects of different Agrobacterium strains with

different plasmids on transformation efficiency

Figure 3. Effects of different optical density (OD600) of

A. rhizogenes with different plasmids on transformation

efficiency.



There were only few reports about the effect of
various co-cultivation membranes on transforma-
tion efficiency (Sugui et al. 2005). Both nylon
membranes (Roche Chemicals, Mannheim, Ger-
many) and Millipore filter were used for
co-cultivation in our study. However, no signifi-
cant difference in transformation efficiency was
observed (data not shown).

Mitotic stability of the transformants

To assess the mitotic stability of hygromycin re-
sistance, 20 transformants were randomly selected
to test the stability of the transformants. Single
spores were isolated and maintained on selection
medium. Then, they were transferred onto PDA
medium without hygromycin. After transfer onto
the non-selective medium for 6 generations, they
were transferred back onto the selection medium
with hygromycin (200 mg L–1). About 95% of the
transformants were still able to grow, which indi-
cated that these transformants still contained the
introduced hph gene.

Molecular characterization of the transformants

To analyze the integration and the number of
T-DNA copies in the genome, the wild strain
M6-22 and 7 randomly selected transformants that
had been confirmed to be mitotically stable were
analyzed by PCR using primers HPH1 and HPH2.
The expected 819-bp fragments in PCR analysis
indicated that the hph fragment has been inserted
into the genome of U. isabellina. Southern blot
analysis of 11 transformants revealed that most of
the transformants harbored more than one copy of
T-DNA integrated randomly in the genome, and
no hybridization signal was detected from the wild
strain (Figure 5).

Functional analysis of the transformants

About 15 transformants containing pBI-hph were
randomly selected to assay TFA and GLA. Six
transformants produced more TFA, and one mu-
tant named M-mut64 produced also a higher
amount of GLA (Table 1).

Discussion

The transformation efficiency of ATMT can be af-
fected by various conditions, e.g. fungal strain
starting materials, A. tumefaciens strains, binary
vectors, co-cultivation time, and the ratio of bacte-
ria to fungal spores (Michielse et al. 2005). How-

ever, the earlier investigations were not system-
atic, and most of the studies only used one A.
tumefaciens strain combined with one plasmid
(Mullins et al. 2001). Although the importance of
the presence of AS in the precultivation of bacteria
and in the co-cultivation process as well as the ra-
tio of bacteria to spores have been investigated in
most of the studies, the relationship between dif-
ferent A. tumefaciens strains and even the possibil-
ity of using other Agrobacterium species in the
transformation that could possibly broaden our
views about the transformation process remained
to be elucidated. Those factors could be very im-
portant in improving the existent transformation
process, due to the extremely complex interactions
between bacteria and fungi.

Three A. tumefaciens strains (LBA4404,
EHA105 and LBA1100) have been widely used in
ATMT in several fungal species, including
Beauveria bassiana (Fang et al. 2004) and
Leptosphaeria maculans (Gardiner et al. 2005).
For zygomycete transformation, even after opti-
mizing the above conditions, only protoplasts
have been successfully used in ATMT. Very few
transformants with a stable phenotype could be
obtained when spores or germinated spores were
used (Monfort et al. 2003).

Our initial attempts to transform U. isabellina

with A. tumefaciens strains LBA4404 and
EHA105 were not very successful. Transforma-
tion efficiencies were then much lower than those
reported for other fungi, even after the optimiza-
tion of factors like induction time, ratio of bacteria
to spores, and AS concentration. This indicated
that these 2 strains were not suitable for efficient
transformation of U. isabellina.

Fortunately, we had another A. rhizogenes

strain R105, which is also commonly used for the
transformation of plants but never used for fungi.
Our initial attempt indicated that strain R105
transformed U. isabellina much more effectively
than the 2 strains of A. tumefaciens, regardless of
the vector it carried (Figure 2). At this time, it is
not possible to point out why this strain is suitable
for the transformation of U. isabellina. Just as
mentioned above, the specific interactions be-
tween different bacterial strains and fungal species
possibly accounted for the increase in transforma-
tion efficiency, which should be a very interesting
target for further investigation.

In order to increase the transformation effi-
ciency by R105, we used 2 binary vectors with dif-
ferent promoters for the expression of hph in this
study. When pBI-hph was used in the transforma-
tion, in whatever strain, more transformants were
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consistently obtained than with the other vector.
The only difference between pBI-hph and
pBI-hphII was in the promoters that controlled the
expression of the hph gene. The vector pBI-hph
contained the histone H4.1 promoter of
Mortierella alpina. The sequence of the promoter
is highly homologous to the H4.1 promoter from
U. isabellina. The result indicated that promoters
with very high homology to the host cells in the
vector will result in the adequate expression of the
hph gene, and finally in a higher transformation
efficiency.

It is reported that the plant phenolic AS is es-
sential for transformation, as it can induce the ex-
pression of vir genes, especially during the
co-cultivation (Li et al. 2000). Other reports indi-
cate that addition of AS during the preculture ap-
peared to be dispensable (Combier et al. 2003;
Takahara et al. 2004). Other studies indicate that
although AS was essential for efficient transfor-
mation, up to 92.5% of colonies produced by
ATMT in the presence of AS were false-positive
(Zhang et al. 2008a). In our experiment, the pres-
ence of AS in the liquid IM was essential for the
successful ARMT of U. isabellina, which resulted
in one or more copies of insertion of T-DNA into
the genome of the fungi (Figure 5).

More fungal transformants were obtained with
longer periods of co-cultivation before transfer-
ring to selection plate. This is in agreement with
some previous reports (Mullins and Kang 2001;
Rho et al. 2001; Meyer et al. 2003; Leclerque et al.
2004). However, after co-cultivation for 60 h, a
thick layer of mycelium was developed on the fil-
ters, which made the observation of single spore
transformants more difficult. A 48-h
co-cultivation period seemed optimal, as it re-
sulted in acceptable transformation efficiencies
without significant background growth.

Analysis of TFA and GLA content of 115
transformants indicated that high oil-producing
strains could be obtained by ARMT insertional
mutagenesis. Further work aimed at identifying
the genes responsible for this increase is undergo-
ing by thermal asymmetric interlaced PCR or re-
verse PCR. Furthermore, as we saw from the
results of Southern blot analysis, 2 or more
T-DNA copies were inserted into the genome,
which contrasts with transformants obtained by
A. tumefaciens strains. It means that this protocol
should still be optimized. However, under the op-
timal conditions, 95 transformants could be ob-
tained from 106 conidia, which is much higher
than the very recently reported zygomycete trans-
formation study through ATMT (Ando et al.
2009), in which 400 transformants were obtained
from 108 conidia. Therefore, our transformation
method should prove to be a powerful tool for ge-
netic analysis of lipid metabolism in this high
oil-producing fungus and other recalcitrant fungi.
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Table 1. Gamma-linolenic acid content (%GLA), as %
of total fatty acids (TFA), and TFA content (%TFA), as
% of total weight, in a wild strain and 2 representative
mutant strains

Strain %GLA %TFA

M6-22 3.1±0.5 33.15±5.15

M-mut22 4.0±0.3 52.48±3.92

M-mut64 11.1±1.2 50.35±3.05

Figure 5. Southern hybridization analysis of U. isabellina transformants. Lanes 1 to 11 = transformants; lane 12 = wild
strain. Genomic DNA of U. isabellina transformants was digested with HindIII and hybridized with a fragment of pD4

plasmid DNA as a probe containing the hph gene.
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