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Abstract Gene flow from recombinant-DNA-mod-

ified (GMO) trees is a major barrier to their public

acceptance and regulatory approval. Because many

intensively grown trees are vegetatively propagated,

complete sexual sterility could be a powerful means to

mitigate or prevent gene flow. We tested four pairs of

zinc-finger nucleases (ZFNs) as mutagenic agents

against the LEAFY and AGAMOUS orthologs in poplar

that are expected to be required for sexual fertility. To

reduce the potential for pleiotropic effects from

mutagenesis, each of the pairs was functionally linked

to a heat shock promoter to provide inducible ZFN

expression. Using Agrobacterium tumefaciens, we

transformed more than 21,000 total explants compro-

mised of both male and female hybrid poplar. The rate

of transformation for the ZFN constructs (2 %) was

generally reduced compared to the transgenic control

(8 %). We produced 391 ZFN transgenic shoots of

which only two developed into plants with mutations

in a target gene; both were 7-bp deletions in one allele

of the PtAG2 locus. Nomutations were observed in the

PtAG1 or PtLFY loci. Our results indicate a mutation

rate of zero to 0.3 % per explant per allele, among the

lowest reported for ZFN mutagenesis in plants. The

combined effects of low recovery of transgenic plants,

a modest mutation frequency, and much higher

reported rates of directed mutation for other gene

editing methods suggest that the efficient use of ZFNs

in poplar requires further technical improvements.

Keywords Genetic engineering � Forest
biotechnology � AGAMOUS � LEAFY � Gene editing

Introduction

Transgene dispersal from genetically engineered (GE)

crops and trees poses ethical, ecological, and agro-

nomic concerns to various segments of the public

(Stewart et al. 2003; DiFazio et al. 2012). In part

because of these concerns, GE crops and trees are

stringently regulated in the USA (Bennett et al. 2013)

and across the world (Dunwell 2014; Li et al. 2014).

Such regulations have severely hindered field research

and commercialization (Viswanath et al. 2012),

including for trees that are important to forest health
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or that resemble the products of conventional breeding

(Strauss et al. 2009, 2015). Because many intensively

grown trees, such as Eucalyptus and Populus, are

vegetatively propagated, one option to mitigate these

concerns is bisexual sterility (Brunner et al. 2007).

This may also result in more vigorous vegetative

growth and yield, and reduced levels of allergens from

tree pollen, in some species (Strauss et al. 1995;

Hoenicka et al. 2012; Moriguchi et al. 2014). Several

types of sexual sterility systems have been developed

(reviewed by Strauss et al. 2004; Brunner et al. 2007;

Vining et al. 2012) and some have been tested in tree

species under field conditions. For example, the

barnase-based floral organ ablation strategy has been

shown to be efficient and stable in inducing male

sterility in field-grownPinus,Eucalyptus, and Populus

trees for multiple years (Zhang et al. 2012; Elorriaga

et al. 2014). However, this method can have negative

impacts on vegetative growth (e.g., reported by

Elorriaga et al. 2014) and does not address the desire

for seed as well as pollen containment. Also current

strategies largely rely on gene expression or suppres-

sion, and thus, their efficiency may vary over time due

to gene silencing, especially when considering the

long life span of tree species. A method based on

mutagenesis of essential floral genes should provide

more reliable, if not permanent, bisexual sterility.

Mutagenesis of specific genes in plants has been

enabled by site-directed nucleases (SDNs), such as

meganucleases (MNs), zinc-finger nucleases (ZFNs),

transcription activator-like effector nucleases

(TALENs), and the clustered regularly interspaced

short palindromic repeats (CRISPR)/Cas9 nuclease

system (reviewed by Belhaj et al. 2013; Osakabe and

Osakabe 2014; Ain et al. 2015). These SDNs have the

ability to recognize specific DNA sequences and

create DNA double-strand breaks (DSBs) within their

target sites. Mutations are often introduced during the

repair of DSBs. Directed DNA sequence modifications

can occur when the SDNs are delivered along with

homologous donor DNA; in these cases, the DSBs are

repaired via the homologous recombination (HR)

pathway. In plant cells, however, HR is the less

favored repair pathway. The DSBs are typically

repaired via non-homologous end-joining (NHEJ)

pathways, which do not require the presence of

homologous donor DNA and often lead to insertion

and deletion (indel) mutations (Bétermier et al. 2014;

Osakabe and Osakabe 2014; Vu et al. 2014).

ZFNswere first created in the 1990s (Kim et al. 1996;

Porteus 2009) and the preferred means for gene editing

when this study was initiated. The DNA-binding

specificity of ZFNs is conferred by a Cys2His2 zinc-

finger protein array, and the cleavage activity is

provided by a FokI endonuclease (Urnov et al. 2010;

DeSouza 2012). Because the FokI cleavage domain

functions as a dimer, ZFNs cause site-specific DSBs.

ZFNs have been used to mutagenize pre-integrated

reporter genes and endogenous genes in several plant

species, including Arabidopsis thaliana (Arabidopsis),

Nicotiana tabacum (tobacco), Petunia hybrida (petu-

nia), Zea mays (maize), Glycine max (soybean), Malus

domestica (apple, cultivar Galaxy), and Ficus carica

(fig, cultivar Kadota) (reviewed by Urnov et al. 2010;

Carroll 2011; Petolino 2015; Weeks et al. 2016).

Maeder et al. (2008) used one ZFN pair to target both

of the tobacco acetolactate synthase genes (SuRA and

SuRB); they observed single base pair deletions in 1.5 %

of potential target alleles. Shukla et al. (2009) created a

ZFN pair targeting the maize INOSITOL 1, 3, 4, 5, 6-

PENTAKISPHOSPHATE 2-KINASE (IPK1) gene. The

ZFN genewas driven by themaize ubiquitin-1 promoter

(ZmUbi1). Transient expression in maize cells induced

indel mutations in less than 0.05 % of the examined

chromatids. Using a heat-inducible ZFN system, Osak-

abe et al. (2010) mutagenized the ABA INSENSITIVE-4

(ABI4) gene in Arabidopsis; the frequency of indels

ranged from 0.3 to 3 % among nine transgenic lines.

The mutation rates reported by Zhang et al. (2010a)

were 7 and 16 % in T1 Arabidopsis plants, where

estrogen-inducible ZFNs were used to target the

ALCOHOL DEHYDROGENASE1 (ADH1) and the

TRANSPARENT TESTA4 (TT4) genes. Curtin et al.

(2011) used a similar estrogen-inducible ZFN system to

target two DICER-LIKE (DCL) genes (DCL4a and

DCL4b) in soybean; they found small insertions in two

of the three recovered T0 plants. Peer et al. (2015)

reported the first use of ZFNs in tree species, where a

heat-inducible ZFN expression system was adopted to

repair a mutatedGUS gene in two transgenic apple lines

and three transgenic fig lines. They observed GUS

expression in all of the five tested transgenic lines upon a

2.5-h heat treatment at 42 �C. In Arabidopsis (Osakabe
et al. 2010; Zhang et al. 2010a) and tobacco (Maeder

et al. 2008), biallelic mutations were identified at a rate

of 10–30 % among the mutagenized population. These

documented high rates of targeted mutagenesis and

biallelic modification suggest that ZFNs could be a
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promising tool to mutagenize essential floral genes and

thus impart sexual sterility to tree species.

Two genes that are appealing targets for achieving

floral sterility are LEAFY (LFY) and AGAMOUS (AG).

These transcription factors are key regulators for floral

initiation and floral organ identity (Causier et al. 2010;

Moyroud et al. 2010; Galimba et al. 2012). LFY defines

floral meristem identity. Most flowers in strong lfy

mutants have been found to be sterile; these flowers

open late and have abnormal morphologies, with a

combination or mosaic of leaves, sepals, and carpels

(Chandler 2012; Grandi et al. 2012; Mitsuda et al.

2006). AG is a C-function floral homeotic gene (Coen

and Meyerowitz 1991). Its encoding protein regulates

the differentiation of stamens and carpels and interacts

with other genes to cause floral determinacy (Doerner

2001). Flowers in strong ag mutants usually undergo a

conversion of reproductive floral organs to non-repro-

ductive floral organs and have a ‘‘roselike’’ phenotype:

the stamens are transformed to petals, and the central

gynoecium is transformed to a sepal-/petal-looking

internal flower (Parcy et al. 2002; Causier et al. 2010;

Galimba et al. 2012).We have previously identified one

ortholog of LFY (PtLFY) and two orthologs of AG

(PtAG1 and PtAG2) in Populus trichocarpa ‘‘Nisqu-

ally-1’’ (Brunner et al. 2000; Rottmann et al. 2000). The

expression patterns of PtLFY and PtAGs indicate that

they may have conserved functions during floral

development in poplars, and the high similarity between

the twoPtAG genes (89 % amino acid identity: Brunner

et al. 2000) should enable simultaneous targeting using

a single ZFN pair.

Here we show that a heat-inducible ZFN system can

mutagenize our selected floral genes in poplars at a

rate of zero to 0.3 % (per explant per allele). We also

report reduced shoot regeneration rate and transfor-

mation rate as a result of heat treatment and ZFN

expression. These results suggest that the technology

as tested is inefficient at producing biallelic mutations

at the target loci, which would be essential for

elimination of gene function.

Materials and methods

Plant materials

Two hybrid poplar clones, INRA 717-1B4 (female,

Populus tremula 9 P. alba; hereafter referred to as

clone 717) and INRA 353-38 (male, P. tremula 9 P.

tremuloides; hereafter referred to as clone 353) that

have been used extensively for transgenic studies (e.g.,

Strauss et al. 2004; Zhang et al. 2010b), were used for

Agrobacterium-mediated plant transformation. For

both clones, plant material had been micropropagated

in tissue culture for 7 years (hereafter referred to as

7-year-old clone 717 or 353 cultures) prior to initial

transformation in 2012. In addition, clone 717 was re-

established into sterile culture using field-grown

material in 2012 (hereafter referred to as 1-year-old

clone 717 cultures), which we used for transformation

in 2013.

Sequencing of PtLFY and PtAGs in target poplars

Homologous sequences corresponding to our previ-

ously sequenced PtLFY (GenBank accession number

U93196) and PtAGs (GenBank accession numbers

AF052570 and AF052571) (Brunner et al. 2000;

Rottmann et al. 2000) were identified from the P.

trichocarpa genome sequence (version 3.0, avail-

able on the Phytozome website https://phytozome.jgi.

doe.gov/pz/portal.html; PtLFY: Potri.015G106900,

PtAG1: Potri.004G064300 and PtAG2: Potri.011G0

75800). The first exons of PtLFY (436 bp) and PtAGs

(227 bp) were amplified using PCR from the genomic

DNA (gDNA) of poplar clones 717 and 353. Several

PCR products were sequenced from both ends to

capture allelic differences or single-nucleotide sub-

stitutions (SNPs). Nucleotide sequence alignments

against the P. trichocarpa ‘‘Nisqually-1’’ gene models

revealed several regions in PtLFY (exon 1 and the

adjacent intron) and PtAGs (theMADS box in exon 1),

respectively (Figs. S1 and S2 and electronic supple-

mentary appendix S1 and S2), with 100 % sequence

identity; these regions were targeted for ZFN

mutagenesis.

Creation of ZFNs

Collaborating with DOW AgroSciences, we created,

validated, and selected four ZFN pairs for this study.

Briefly, gDNA sequences of PtLFY and PtAGs were

first scanned; potential ZFNs were then designed and

evaluated for their activity in silico (Fig. S3a). In total,

64 ZFNs were predicted to have high activity. These

ZFNs, each containing four- to six-finger zinc-finger

proteins (ZFPs), were assembled into 17 PtLFY-
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targeting ZFN pairs and 27 PtAGs-targeting ZFN

pairs. The activity of ZFN pairs was evaluated in

budding yeast according to Doyon et al. (2008) and in

mouse Neuro 2A cells using Dual-Luciferase�

Reporter Assay System (Promega). Two PtAGs-

targeting ZFN pairs (namely ZFN800 and ZFN801;

target sites shown in Fig. S1) and two PtLFY-targeting

ZFN pairs (namely ZFN802 and ZFN803; target sites

shown in Fig. S2) were selected due to their high

activity in yeast and/or mouse cells (data not shown).

Accordingly, four ZFN encoding fragments (2322–

2493 bp; electronic supplementary appendix S3) were

produced and cloned into four ZFN expression vectors

(hereafter referred to as pZFNs) by DOW AgroS-

ciences. Within each pZFN, the two ZFNs were joined

by a 2A linker from the Thosea asigna virus that

contains nuclear localization sequences (NLSs)

known to function in poplar cells (Kohler et al.

2008; Shukla et al. 2009) (Fig. S3b).

Construct assembly

The ZFN encoding fragments were cloned into a

modified pUC vector using the SfoI and HindIII

restriction sites in the pZFNs. Using the SpeI and

EcoRV enzymes, each of the four ZFN pairs, together

with the terminator of the Cauliflower Mosaic Virus

35S gene (35S t) in the pUC vector, were then cloned

into the pART27 vector backbone behind the soybean

(G. max) heat-inducible promoter HSP6871 (hereafter

referred to as HSP:ZFN constructs, Fig. 1). The

jellyfish (Aequorea victoria) enhanced green fluores-

cent protein (eGFP) gene (electronic supplementary

appendix S3), driven by the soybean (G. max)

Gmubi1500 promoter, was cloned into the vector

using EcoRV and acted as a reporter to monitor

transformation and chimerism. As a transformation

control, we also created a control construct in the same

pART27 vector backbone using the SpeI and EcoRV

enzymes, in which the HSP6871 promoter drove the

expression of the eGFP gene (hereafter referred to as

HSP:eGFP construct; Fig. 1).

Plant transformation and confirmation

of transformants

The HSP:ZFN and HSP:eGFP constructs were trans-

formed into Agrobacterium tumefaciens (A. tumefa-

ciens) strain AGL1 using a freeze thaw method and

then transformed into clones 717 and 353 using the

method described by Filichkin et al. (2006). Kanamy-

cin was used to select for transgenic tissue, and

timentin was used to select against A. tumefaciens. The

eGFP fluorescence was checked within 1 h after each

treatment for HSP:eGFP co-cultivated explants or

weekly for HSP:ZFN co-cultivated explants. All eGFP

fluorescence was checked and recorded using the

SMT1 Stereo-Microscope System (Tritech Research,

Inc. Los Angeles, CA, USA) installed with the IC

Capture (V2.2) software.

Polymerase chain reaction (PCR) was used to

screen for and confirm transformants. Shoot tips from

in vitro propagated poplars (2 months in root induc-

tion medium; height of *10 cm) were harvested for

gDNA extraction according to Crowley et al. (2003).

gDNA quality and quantity were checked using a ND-

1000 UV–Vis Spectrophotometer. All gDNA samples

were diluted to 20 ng/ll before being used for

molecular analyses. Due to the difficulties in design-

ing efficient primers within the highly repetitive ZFN

genes, primer pairs were designed to test the presence

of the eGFP transgene (*750 bp) in the genome of

the transgenic population. The locations of primers

are indicated in Fig. 1; sequences are shown in

Table S1.

Heat shock treatments

Using HSP:eGFP co-cultivated explants, we tested

two heat shock methods for their efficiency in

inducing transient transgene expression. For both

poplar clones, explants from two independent trans-

formation tests were tested under each of the two heat

shock conditions. To minimize chimerism, we started

heat treatments at the very beginning of the organo-

genesis stage (i.e., after 2 days of co-cultivation). In

heat shockmethod 1 (HSM1), explants were incubated

at 42 �C for 16 h twice, with a 32-h recovery at 22 �C
between heat treatments. In heat shock method 2

(HSM2), explants were incubated at 42 �C for 3 h

every day for 10 days, and explants were cultivated at

22 �C the rest of the time (Fig. S4). To monitor the

expression of the eGFP gene in response to heat

treatment, we recorded eGFP intensity (i.e., the

presence of any visually detectable eGFP expression

on an explant) after each heat treatment. Both HSMs

were adopted in later experiments to trigger the

expression of transgenes (i.e., ZFNs or eGFP).
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Mutation screening and characterization

To screen for ZFN-induced mutations in the trans-

genic population, we performed high-resolution melt-

ing (HRM) analysis. HRM was performed on the

StepOnePlusTM platform (Applied Biosystems, Foster

City, CA, USA), and data were analyzed using the

HRM Software V3.0.1(Applied Biosystems, Foster

City, CA, USA), according to the manufacturer’s

protocol. We first evaluated the sensitivity of HRM

analysis in detecting naturally occurring SNPs in

PtLFY in clone 717 (electronic supplementary appen-

dix S2). Briefly, PCR amplicons, with sizes of 84, 107,

and 136 bp and containing zero, one and two SNP(s),

respectively, were amplified from clone 717. Mixed

gDNA samples from three independent isolations

were used for HRM amplification and analysis to

ensure the presence of the SNPs. Corresponding

regions were also amplified from clone 353, in which

no SNPs existed, and were used as references in HRM

analysis. In screening for ZFN-induced mutations,

short gDNA fragments covering ZFN targets were

amplified (primers listed in Table S1; the sizes of the

amplicons were 178 bp from PtAGs and 107 bp from

PtLFY) and heated to 95 �C for denaturation. Three

technical replicates were performed for each

transgenic event. Amplification products showing

changed melt curves and/or shifted Tm values (Tm, the

temperature at which 50 % of the DNA duplexes are

separated) were analyzed using agarose gel (3 %)

electrophoresis, and also purified and cloned into the

pCRTM4-TOPO� TA Vector (Invitrogen) according to

the manufacturer’s protocol and transformed into

chemically competent Escherichia coli (E. coli) cells.

For each putative mutant event, 12–22 E. coli colonies

were selected for plasmid extraction using the ZyppyTM

Plasmid Miniprep Kit (Zymo Research, Orange, CA)

and insert sequencing using Sanger methods.

Quantitative analysis

Shoot regeneration rate was calculated as the number of

explants produced shoots per number of co-cultivated

explants; similarly, transformation rate was the number

of confirmed transgenic shoots per number of co-

cultivated explants. Due to moderate microorganism

contamination, several transformation tests that under-

went HSM1 were excluded from calculations of shoot

regeneration rate and transformation rate. These tests

include two with the HSP:eGFP construct (one with

clone 717 and one with clone 353), two with the

HSP:ZFN800 construct (one with clone 717 and one

NPTIINOS t NOS HSP 
6871 35S t eGFP RBLB

eGFP F RB R

ZFN

SpeI

35S t

EcoRV

Gmubi
1500 

EcoRV

HSP 
6871 eGFP RB

RB R

SpeI

35S t

EcoRV

eGFP F

NPTIINOS t NOSLB

Fig. 1 T-DNA structure, and selected restriction enzyme and

primer sites, for the HSP:ZFN (above) and HSP:eGFP (below)

constructs within the pART27 binary vector backbone. The

positions of primers used for PCR confirmation of transforma-

tion (eGFP F and RB R) are labeled. LB, left border; NOS t,

terminator of nopaline synthase gene; NPTII, neomycin

phosphotransferase gene; NOS, nopaline synthase promoter;

HSP6871, heat shock promoter from soybean (G. max); ZFN,

ZFN genes created by Dow AgroSciences; 35S t, terminator of

cauliflower mosaic virus 35S gene; Gmubi1500, G. max

polyubiquitin promoter; eGFP, enhanced green fluorescent

protein gene from jellyfish (Aequorea victoria); RB, right border
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with clone 353), two with the HSP:ZFN801 construct

(one with clone 717 and one with clone 353), and one

with the HSP:ZFN803 construct in clone 353. ANOVA

was used to examine whether shoot regeneration rate

and transformation rate differed among constructs.

Because we tested the HSP:ZFN800 and HSP:ZFN803

constructs in two sets of clone 717 in vitro shoot cultures

that differed in age (see above), we calculated shoot

regeneration rate and transformation rate separately for

each set and checked for differences using ANOVA.

To compare the activity of ZFNs in different host

systems, the activity scores in mouse cells and yeast

(provided by Dow AgroSciences) were first normal-

ized according to this equation:

Zi ¼
Xi � XMin

XMax � XMin

;

where Zi = normalized activity of ZFN pair i,

Xi = observed activity of ZFN pair i, XMin = mini-

mum activity observed with all tested ZFN pairs,

XMax = maximum activity observed with all tested

ZFN pairs.

Mutagenesis rate associated with each HSP:ZFN

construct in poplars was also normalized using the

same equation described above and used as the

indicator of ZFN activity in poplars. Likewise, to

examine the effect of ZFNs on the growth of host cells,

concentrations of viable yeast were determined

according to the OD600 readings after 24-h incubation

(provided by Dow AgroSciences). Relative transfor-

mation rate of each HSP:ZFN construct in poplars was

calculated by dividing the observed transformation

rate by the rate obtained with the HSP:eGFP construct.

The concentration of viable yeast and relative trans-

formation rate were normalized and used as the indices

of the effect of ZFNs on the viability of hosts.

To evaluatewhetherZFNmutantswere heterozygous

(i.e., non-biallelic) or chimeras, we performed exact

binomial testswith the null hypothesis that the frequency

of observing a sequence was equal to 0.5. All statistical

analyses were performed in R (version 3.1.2, 2014).

Results

Heat shock responses

To examine the activity of the HSP6871 promoter and

estimate the expression of ZFN genes upon heat

treatment, we tested two heat shock conditions and

calculated the percentage of explants with eGFP

fluorescence. Clone 717 had an overall twofold higher

rate of eGFP expression than did clone 353; both

clones, however, had similar patterns of eGFP expres-

sion upon heat treatment (Fig. 2 and Table S2). With

HSM1, the percentage of eGFP-expressing explants

reached a maximum on day 4 (i.e., after the second

16-h heat treatment), with 37.4 % of 717 explants and

7.9 % of 353 explants showing eGFP signal. However,

the number of eGFP-expressing explants shrunk

rapidly without continued heat treatment and almost

no explants showed eGFP signal on day 10 (i.e., after

6 days of recovery; Fig. S5). In contrast, eGFP

expression induced by HSM2 was retained longer

(Fig. S5); on average, there were 34.8 % of clone 717

explants and 15.4 % of clone 353 explants that

maintained a detectable eGFP signal from day 3 to

day 10.

In vitro plant regeneration was affected by heat

shock treatments (Fig. S6 and Table S3). In both

clones, more than 28.0 % of HSM1-treated explants

developed shoots, while only 11.6–12.8 % of HSM2-

treated explants did so. The decrease in shoot regen-

eration rate was statistically significant in clone 717

(p = 0.03) but fell just short of significance in clone

353 (p = 0.08). The transformation rate in clone 717

was 9.9 % under HSM1, but the percentage decreased

significantly to 2.4 % when the explants were treated

with HSM2 (p = 0.04). The transformation rates in

clone 353 were 5.4 % under both heat treatment

conditions.

Production of transgenic plants

To produce ZFN transgenic poplars, we co-cultivated

over 2000 explants from each clone with each

HSP:ZFN construct (Table S4) for a total of 21,698

explants. We obtained 2206 regenerated shoots, from

which 391 were confirmed as transgenic by eGFP

expression (Fig. 3) and/or PCR. No ZFN transgenic

shootswere produced fromHSM2, andwewere unable

to produce any confirmed HSP:ZFN802 transgenic

events. PCR analysis of the A. tumefaciens strain (used

for producingHSP:ZFN802 transgenic plants) failed to

amplify a transgene product, despite its apparent

successful transformation as judged by antibiotic

resistance and colony PCR using standard methods.

The other three HSP:ZFN constructs, HSP:ZFN800,
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Fig. 2 Transient eGFP expression upon heat treatment in two

poplar clones, 717 and 353. Percentages of explants with

detectable eGFP fluorescence upon heat treatment are shown.

For each clone and each heat shock method, 121–175 explants

from two independent transformation tests were examined,

therefore no error bars. HSM1, heat shock method 1; HSM2,

heat shock method 2

Fig. 3 Constitutive expression of eGFP in HSP:ZFN800 co-

cultivated clone 717 explants. Photographs taken during

organogenesis. a Two days on callus induction medium.

b Three weeks on callus induction medium. c Three weeks on

shoot regeneration medium. d Eight weeks on shoot regener-

ation medium
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801, and 803, gave an overall shoot regeneration rate of

9.6 % and an overall transformation rate of 2.2 %

(Fig. S7 and Table S4). These HSP:ZFN constructs,

when compared with the HSP:eGFP construct (which

showed an overall shoot regeneration rate of 28.7 %

and an overall transformation rate of 7.7 % under

HSM1; Table S3), showed significant (twofold to

11-fold) decreases in shoot regeneration rate and

transformation rate under HSM1 (p values shown in

Table S5). Comparison between yeast and poplars

showed no obvious correlation in the effect of ZFNs on

host viability (Table S6).

In an effort to enlarge the transgenic population so

that higher numbers of mutated plants could be

recovered and analyzed, we transformed over 2000

additional clone 717 explants with the HSP:ZFN800,

HSP:ZFN803, and HSP:eGFP constructs (Table S7).

Unlike early transformation tests, which were per-

formed using shoot cultures that had been maintained

in vitro for nearly 7 years (referred to as 7-year-old

clone 717 cultures), these transformation tests used

in vitro shoot cultures that had been established for

only 1 year (referred to as 1-year-old clone 717

cultures; see methods). The shoot regeneration rates

were 42.6 % for HSP:ZFN800, 40.9 % for

HSP:ZFN803, and 83.1 % for HSP:eGFP, which

showed significant (threefold to tenfold) increases

compared with those obtained in our earlier transfor-

mation tests (Fig. S8a and Table S7). Transformation

rates with the HSP:ZFN803 and HSP:eGFP constructs

were 4.0 and 27 %, respectively, which also signifi-

cantly increased compared to earlier tests (Fig. S8b

and Table S7). In the case of the HSP:ZFN800

construct, although there was a twofold increase in the

transformation rate, the change was not statistically

significant (p = 0.19, Table S7). The 1-year-old 717

cultures, however, turned out to be heterozygous for

one SNP in PtAG1, which was located in the left target

region of ZFN800 (Fig. S9). Therefore, HSP:ZFN800

transformed 717 events obtained in later transforma-

tion tests (69 in total) were likely to be targeted only at

the PtAG2 locus but not at the PtAG1 locus.

ZFN-induced mutagenesis

HRM analysis of naturally occurring SNPs in PtLFY

was used to confirm its ability to detect 1- 2-bp

changes within 110-bp amplicons (Fig. S10). To

screen for mutations in ZFN transgenic poplars, we

performed HRM to detect sequence changes near ZFN

targets in PtLFY, PtAG1, or PtAG2. After analyzing

391 plants transformed with the HSP:ZFN800, 801, or

803 construct, only two transformed clone 353 events,

namely event 0924-2 and event 1114-3 produced using

the HSP:ZFN800 construct, were identified as putative

mutants, as their PtAG2 amplification products

showed different melting curve shapes from wild-

type (WT) amplification products (Fig. 4a).

To understand the nature of the mutations, we first

performed agarose gel analysis of HRM products. Both

WT and non-mutated ZFN transgenic events showed a

single clear band on a 3 % gel, while the two putative

mutants showed double bands. One band had a very

similar mobility to the band in WT and non-mutated

events, and the other bandmoved slower on the agarose

gel (Fig. S11a), indicating a likely insertion.

We performed TOPO cloning to separate WT and

mutated sequences into individual bacterial colonies.

Among the 12 colonies transformed by event 1114-3,

nine had WT sequences, and the other three had

identical 7-bp deletions (Fig. 4b). Sequencing of 22

colonies produced from event 0924-2 revealed that

nine colonies had WT sequence and 13 had deletions,

with two different 7-bp deletions detected, one of

which was more abundant than the other, being present

in 12 of the 13 sequences (Fig. 4b). To confirm that the

deletion identified in the single colony from event

0924-2 was not due to a sequencing error, we

sequenced another 57 colonies that included gDNA

samples isolated from shoot tips or mature leaves from

two different shoots regenerated from the same event.

Although at a low frequency, we were able to identify

this same deletion in two additional samples

(Table S8). Binomial tests suggested an equal amount

of WT versus mutated sequences in both mutated

events (Table S8). Therefore, both event 0924-2 and

event 1114-3 were considered to be heterozygous

mutations in further analysis. Considering all con-

firmed events and all four potential target alleles at the

duplicated PtAG locus, the induced mutation rate for

ZFN800 was 0.3 % per explant per allele. Despite this

ZFN pair being the only active one in poplar, it did not

show the highest mutagenesis activity in mouse- or

yeast-based validation systems (Table S6).

As mentioned above, DNA amplification products

from both mutated events contained duplexes with

reduced gel mobility. However, we did not find

sequences with insertions in either mutant. We
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therefore hypothesized that there were heteroduplexes

formed during amplification and the secondary struc-

ture of the heteroduplexes affected their mobility on

gel. To test this hypothesis, we performed PCR using

bacteria colonies carrying WT sequence or the abun-

dant type of deletion, and their mixture. Amplification

products from the colony mixture indeed resembled

double bands on our agarose gels, while mixing

products from the WT- and deletion-carrying colonies

did not give double bands (Fig. S11b).

Discussion

Under our test conditions, where ZFN expression was

induced by heat shock at 42 �C for about 30 h during

early organogenesis, we observed mutation rates

ranging from zero to 0.3 % per explant per allele.

This rate is within the range of previously reported

frequencies, which varies from 0.05 to 16 % (re-

viewed above), but is at the lower end of published

estimates. Much higher rates (up to 3 %) have been

obtained with a similar system in Arabidopsis, where

ZFN expression was induced by heat incubation at

40 �C for 90 min (Osakabe et al. 2010).

The lowmutagenesis rates could have resulted from

low activity of ZFN proteins or low expression of ZFN

genes, or both. The activity of each ZFN pair used in

this study was validated in mouse and yeast. ZFN800,

which successfully induced mutagenesis in poplars,

showed low-to-moderate activities in mouse and

yeast. In contrast, ZFN802 and ZFN803, the most
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Fig. 4 Mutation detection and characterization in clone 353

HSP:ZFN800 transformants using HRM and sequencing. a The
putative mutants, event 0924-2 and event 1114-3, showed

different melt curves from wild type (WT). b Sequencing results
revealed deletions in PtAG2 in the two mutants. Sequence of

PtAG2 from WT is shown on top; left and right target sites of

ZFN800 are underlined; numbers within parentheses show how

many base pairs were deleted; numbers following parentheses

indicate how many times each sequence was observed among

independently cloned amplicons (see ‘‘Materials and methods’’)
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effective pairs in yeast and mice, respectively, failed

to mutagenize their targets in poplars in our experi-

ments. The activity of ZFN801 appeared to the lowest

in all three host systems. The disagreements between

the two validation systems, and its weak relationship

to activity in poplar, appear to make it impossible to

choose highly effective ZFNs without testing in the

target system.

Although three of the tested ZFN pairs (ZFN800,

801, and 803) produced transgenic plants, they

depressed transformation rate significantly compared

with the HSP:eGFP construct. Apart from potential

deleterious effect of ZFNs, the large T-DNA size (due

to the presence of the 2300–2500-bp ZFN encoding

genes and the 1979-bp Gmubi1500 promoter) in the

HSP:ZFN constructs could have led to reduced

transformation efficiency. We also observed signifi-

cant differences in transformation efficiency when

using clone 717 in vitro cultures that differed in age.

The low efficiency obtained with the 7-year-old

cultures may result from tissue culture-specific

somaclonal variation (Larkin and Scowcroft 1981),

which happens at a low rate in Populus (Brunner et al.

2004) but has been reported in several hybrid clones

and can lead to changes in leaf morphology and

growth rate (Son et al. 1993; Gamburg and Voinikov

2013; Thakur and Ishii 2014). It is also possible that

naturally occurring variations, similar to what we

observed in PtAG1, led to different transformation

competence between the two sets of clone 717

cultures.

ZFNs can cleave at undesired sites (Townsend et al.

2009; Gabriel et al. 2011; Pattanayak et al. 2011).

Strong and continuous expression of the ZFN genes,

especially the ones targeting PtAGs, may cause

unexpected mutations, for example, in MADS genes

other than the PtAGs. We adopted the heat-inducible

system to limit the duration of the ZFN gene expres-

sion and therefore reduce potential off-target effects of

ZFNs. Additionally, the heat shock treatments were

started at the beginning of the organogenesis stage,

which should help to minimize chimerism in regen-

erated poplars. As observed in other plant species,

such as tobacco (Schmülling and Schell 1993) and rice

(Hiei et al. 1994), chimeras can arise due to the

regeneration of transformed and untransformed cells

or the regeneration of independent insertion events. In

our case, a chimera may contain wild-type or distinctly

mutated copies of PtLFY or PtAGs due to the variation

in ZFN expression over time. By expressing the ZFN

genes mainly at early organogenesis via heat shock

treatments, we were hoping to reduce the duration of

ZFN expression and subsequent chimerism in induced

mutations. However, heat treatments at 42 �C, espe-
cially prolonged treatments employed in HSM2,

turned out to negatively affect in vitro regeneration

of transgenic plants. While it is known that prolonged

heat treatments can negatively impact plant perfor-

mance, for example, stem elongation in tobacco

(VanLoven et al. 1993; Bultynck et al. 1997), we

had hoped that these plants would have achieved a

high rate of gene targeting, as the ZFN expression

would be induced for a longer period of time, which

would help to offset reduced transformation rates.

Heat stress can also lead to reduced genome

stability (Waterworth et al. 2011), but its effect on

the NHEJ repair pathway and the subsequent mutation

efficiency is unclear. In heat-stressed Arabidopsis

plants, genes that encode Ku70 and Ku80—the key

initiators of NHEJ, are down-regulated (Liu et al.

2008), whereas the rate of HR increases (Yao and

Kovalchuk 2011). These observations suggest a pre-

dominant role of HR in repairing DSBs in response to

heat stress. Additionally, Arabidopsis plants grown at

suboptimal temperatures (either 4 or 32 �C) were

found to contain proportionally less DNA compared

with those grown at 22 �C (Boyko et al. 2005), a

possible indicator of lower cell division (and thus of

DNA replication), possibly limiting opportunities for

DNA replication errors and subsequent NHEJ repair.

The combined effects of a low NHEJ frequency and

low regeneration rate from heat stress may have

greatly constrained our production of indel mutations.

We found that both mutated events had deletions in

only one allele of PtAG2; moreover, they had a WT

copy PtAG1 maintaining its full biological function.

Therefore, it is unlikely that these events would

produce sterile flowers. Given the observed transfor-

mation rate (2 %) and mutagenesis rate (0.3 % per

explant per allele) in our study, we estimate that co-

cultivation of at least 10,000 explants (i.e., two and

half months of intensive transformation work) would

be needed to produce one event with a biallelic

mutation. Although this rate would be useful in a high

value crop and trait, more efficient mutagenesis

systems are likely to be needed for genetic contain-

ment purposes in forest trees (where a number of

genotypes generally need to be produced, tested, and
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deployed commercially). This could be done through

increasing activity of ZFNs (e.g., redesigning ZFNs

with different platforms; reviewed by Urnov et al.

2010; Voytas 2013) or improving the specificity of

ZFNs (as demonstrated by Miller et al. 2007; Händel

et al. 2009). Alternative SDNs, for example, CRISPR/

Cas9, has been used to successfully produce a high rate

of biallelic mutations in LFY in Populus (Elorriaga

et al. 2015); it therefore appears to be a superior tool

for imparting sterility. Off-target effects of SDNs also

need to be evaluated to avoid unpredictable effects on

plant growth; the low rate of transformation we

observed with ZFNs suggests that this might also be

problematic with ZFNs.
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