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Abstract  

Genetic engineering techniques allow scientists to create plants with desired traits. However, 

there is unwanted variability in transgene expression due to enhancer-promoter interactions and 

the influence from genetic elements near the insertion site of the transgene, which integrates into 

a random location in the genome. In an attempt to reduce the impact from both enhancers in the 

construct and in the genome, we investigated the enhancer-blocking function of a 1-kb 

bacteriophage λ fragment in hybrid poplar (Populus tremula x alba), which is a promising 

feedstock for biofuel production. The fast growth rate and high cellulose content allow hybrid 

poplar to produce high levels of biomass within a short period of time, which can then be 

converted into bioenergy products. Additionally, genetic engineering techniques have enabled 

scientists to create transgenic poplar trees with various desired traits which could serve to 

improve performance and lead to higher or more stable yields from bioenergy poplar trees. We 

placed the λ insulator fragment between a cauliflower mosaic virus 35S promoter (upstream) and 

a promoter from the meristem-specific gene WUSCHEL (WUS) fused to the β-glucuronidase 

(GUS) reporter gene on a plant transformation vector. Previous work with the non-insulated 

construct showed variable GUS expression in non-meristematic tissues, such as leaves. Our 

results showed that the presence of λ insulator fragment led to a more meristem-specific 

transgene expression pattern and a decrease in expression levels in both meristems and non-

meristematic tissues. 
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Introduction 

 Hybrid poplar (Figure 1) is considered to be a promising feedstock for bioenergy by U.S. 

Department of Energy due of its large woody biomass content and high growth rate (Stanton et 

al., 2008). Poplar is a good source of cellulose and has a low lignin content so they are ideal for 

making liquid fuels (Jung et al., 2013). As an alternative to fossil fuels, producing biofuel from 

poplar can reduce environmental impacts. Moreover, fast-growing trees like hybrid poplar can be 

managed in large plantations, which ensure high yields of wood without needing to harvest 

native forests (Truax et al., 2012). Genetic engineering techniques have allowed scientist to 

create transgenic poplar for various purposes, such as increasing the woody biomass content 

(Jung et al., 2013) and enhancing the resistance to pests (Klocko et al., 2014). However, as with 

plants in general, genetically modified trees have event to event variability in transgene 

expression (Singer et al., 2011). This lack of precision requires large-scale screens for transgenic 

events with the desired expression patterns (Singer et al., 2011). Therefore, it would be highly 

useful to develop methods to help scientists create genetically modified trees with better 

efficiency. In this study, we are proposing the use of genetic insulator elements as a method to 

reduce the variability in transgene expression by preventing enhancer-promoter interactions in 

trees. This thesis describes experiments testing a 1-kb bacteriophage λ fragment to achieve more 

specific transgene expression patterns in female hybrid poplar (P. tremula x P. alba). 

During the creation of genetically modified trees, strong constitutive promoters are used 

to express selectable marker genes for positive selection of transgenic events (Harfouche et al., 

2011). The constitutive cauliflower mosaic virus (CaMV) 35S promoter is one of the commonly 

used promoters (Yoo et al., 2005). Moreover, over the last decade, the focus of plant 

biotechnology has moved from improving one single trait to producing transgenic plants with 
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multiple traits, such as insect and herbicide resistance (Harfouche et al., 2011). The method of 

introducing multiple traits simultaneously into target plants requires the use of transformation 

constructs harboring several gene cassettes (promoters and genes), which are usually in close 

proximity, increasing the likelihood that they may influence each other’s expression. In these 

transformation vectors, the expression of transgenes is often driven by tissue- or developmental 

stage-specific promoters, while the expression of selectable marker genes are controlled by 

strong constitutive promoters, such as 35S (Fang et al., 1989). Therefore, the approach of having 

multiple gene cassettes in one transformation construct can lead to mis-expression of transgenes 

due to potential interactions between tissues- or developmental stage-specific promoters and 

strong constitutive promoters (Singer et al., 2010; Bao et al., 2009). Researchers have found that 

the 35S promoter contains an enhancer sequence (Benfey et al., 1989). Enhancers are short non-

coding DNA sequences that contain binding sites for transcription factors (Butler et al., 2002). 

Studies have shown that they can regulate transcription independent of the distance from and the 

orientation relative to promoter positions (Maston et al., 2006). The enhancer activity of the 35S 

promoter can affect the expression of transgenes when they are placed on the same 

transformation vector (Yoo et al., 2005). A recent study investigating the interactions between 

the 35S promoter and the nearby tissue-specific promoter, several constructs bearing a 35S 

promoter upstream of a stamen- and carpel-specific AGAMOUS second intron-derived promoter 

(AGIP) were tested in Arabidopsis thaliana (Hily et al., 2009). Among the generated transgenic 

events, 94.4% of the events showed transgene expression in non-targeted leaf tissues (Hily et al., 

2009), indicative of the 35S promoter leading to unwanted transgene expression this tissue. 

Additionally, a previous study in our lab suggested similar interference between a 35S promoter 

and the meristem-specific WUSCHEL (WUS) and SHOOTMERISTEMLESS (STM) promoters in 
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hybrid poplar (Bao et al., 2009). The tested constructs contained a 35S enhancer driving the 

expression of a selectable marker gene and the WUS or STM promoter was placed downstream to 

control transgene expression (Bao et al., 2009). Interestingly, these constructs showed transgene 

expression patterns in non-meristem tissues, including leaves and vascular tissues (Bao et al., 

2009). Only a small portion of WUS (6.7%) and STM (20.3%) transgenic events had exclusive 

transgene expression in targeted meristem tissues (Bao et al., 2009). Accumulating evidence has 

suggested the negative influence of using 35S promoter in plant genetic engineering (Bao et al., 

2009; Hily et al., 2009) but its capability of constantly activating selectable marker gene is also 

important for screening transformed plants. Therefore, an effective approach to reduce undesired 

interactions between regulatory elements would be very useful for creating transgenic plants. 

 The variability in transgene expression can also be attributed to the random nature of 

Agrobacterium-mediated plant transformation (Hohn et al., 2003). During this process, the 

transgene is inserted at a random location in the genome (Wei et al., 2006). Therefore, it is 

possible for transgenes to be inserted in regions under the influence of endogenous regulatory 

elements, such as enhancers, resulting in unexpected transgene expression patterns et al., 2005). 

Also, it is possible for transformation vectors to be inserted into inactive regions of the genome, 

such as chromatin domains—heterochromatins (Francis et al., 2005), leading to very low levels 

or a lack of transgene expression. This can increase the variability in transgene expression levels 

among the generated events (Matzke et al., 1995). Data from several recent studies suggest that 

Agrobacterium-mediated transformation of Arabidopsis thaliana may lead to non-expression of 

transgenes in approximately 30% of transformation events (Francis et al., 2005). 

 One possible solution to mitigate the issue of variable transgene expression in trees is 

through the use the genetic insulators. These are DNA sequences possessing enhancer-blocking 
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function (Maston et al., 2006). When located between the enhancer and promoter, enhancer-

blocking insulators are able to prevent the interference between these two regulatory elements 

(Valenzuela et al., 2006). The putative mechanism of insulators involves the formation of 

physical barriers interrupting the interactions between the enhancer and promoter and chromatin 

loops separating the enhancer and promoter into different domains (Singer et al., 2010). Three 

major models have been suggested to explain the enhancer-blocking activity of insulator 

elements: the promoter-decoy model, the facilitator model and structural model (Figure 2, 

Valenzuela et al., 2006). In the promoter decoy model, the insulator competes with the promoter, 

forming protein-protein interactions with the enhancer (Valenzuela et al., 2006). The gypsy 

insulator from Drosophlia has multiple gene-specific modifiers, suggesting its insulating activity 

is enhancer-dependent (Georgiev et al., 1996). In the facilitator model, the enhancer 

communicates with the promoter through protein factors (Valenzuela et al., 2006). The presence 

of the insulator in between the enhancer and promoter affects the function of facilitator factors, 

therefore disrupting the communications between the enhancer and the promoter (Valenzuela et 

al., 2006). Different from the previous two, the structural model focuses on the formation of 

DNA-loop domains (Valenzuela et al., 2006). In this model, the insulator elements interact with 

each other or attach to the nuclear periphery through binding proteins, resulting in the formation 

of structured chromatin domains (Gaszner el al., 2006). Once the enhancer and the promoter are 

separated into different domains, the interactions between them are not likely to occur due to the 

lack of proximity (Gaszner et al., 2006).  

 There have been several studies regarding testing genetic insulator elements in plant 

model organisms. Specific insulators tested include the Matrix Attachment Regions (MARs), 

Petunia transformation booster sequence (TBS), and a 1-kb bacteriophage λ fragment. 
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Investigation of the insulator function of the β-phaseolin MARs in tobacco found that when this 

fragment was placed in between the seed-specific β-phaseolin promoter and the GUS coding 

region, the created events had a more stable GUS expression pattern in tobacco seeds (van der 

Geest et al., 1994). Similarly, the Petunia TBS fragment was shown to be able to block the 35S 

enhancer activation of the AGIP promoter without affecting the performance of either regulatory 

element (Hily et al., 2009) in Arabidopsis. In this experiment, the transgenic events carrying the 

TBS fragment inserted between the 35S enhancer and the AGIP promoter (stamen- and carpel-

specific) showed significantly reduced (P ≤ 0.01) in non-targeted leaf tissues (Hily et al., 2009). 

Additionally, a 1-kb bacteriophage λ fragment was tested in Arabidopsis and exhibited insulator 

activity when placed between a 35S enhancer and the AGIP promoter fused to the β-

glucuronidase (GUS) reporter gene (Singer et al., 2009). The qualitative GUS staining assay 

indicated that only one of the 15 transgenic events carrying the λ fragment showed staining in 

leaves while 93.3% of the control events (harboring AGIP::GUS) had staining in the leaf tissues 

(Figure 3, Singer et al., 2009). 

Commercial use of transgenic hybrid poplar could largely benefit the field of bioenergy 

production in North America (Jung et al., 2013). However, this could be difficult to achieve due 

to heavy regulatory obstacles. Use of transgenic trees would require them to be deregulated, and 

this process is carried out for individual transformation events. Therefore, researchers must 

identify those rare events which show the desired level and pattern of transgene expression, 

meaning that hundreds, if not thousands, of events must be characterized. Scientists would 

benefit from the use of more precise genetic engineering methods, such as genetic insulators, to 

increase the efficiency of their work. In this study, we tested the enhancer-blocking function of a 

genetic insulator, the bacteriophage λ fragment in female hybrid poplar (Populus tremula x alba). 
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We hypothesized that this genetic insulator can reduce the variability of transgene expression in 

poplar. We inserted the λ fragment between the 35S enhancer and the meristem-specific WUS 

promoter fused to the GUS reporter gene on a plant transformation vector (Figure 4). Because 

WUS is a meristem-specific promoter, the GUS reporter gene under control of this promoter was 

expected to be expressed only in apical and axillary meristems. However, our previous work 

with this construct showed variable staining patterns in non-targeted leaf and vascular tissues 

(Figure 5, Bao et al., 2009). In this study, we found that the transgenic events showed a more 

specific transgene expression pattern when the bacteriophage λ fragment was present, indicating 

the enhancing-blocking activity of this DNA fragment in poplar. 

 

Materials and methods 

Construction of λ::ProWUS::GUSPlus construct 

 We tested two transformation vectors in this study (Figure 4). The construction of 

ProWUS::GUSPlus has been described by Bao et al. (2009). The 1032-bp bacteriophage λ 

fragment was cloned from plasmid JM87 (from Zongrang Liu, USDA-ARS Appalachian Fruit 

Research Station, Singer et al., 2009) using primers Lambda F with PmlI (5’- CAC GTG GGA 

AGT GAA TTC AAA CAG G -3’) and Lambda R with PmlI (5’- CAC GTG CAT GGA TTC 

TGT CGA CCC -3’). To produce the transformation plasmid λ::ProWUS::GUSPlus, the 

backbone vector ProWUS::GUSPlus was digested with SacI and the bacteriophage λ fragment 

was introduced in the forward orientation. The insertion direction and insulator sequence of the λ 

fragment was verified by DNA sequencing. These two constructs were transferred to 

Agrobacterium strain AGL1, followed by polymerase chain reaction (PCR) confirmation. 
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Plant material, transformation and regeneration 

 Hybrid poplar clone INRA 717-1 B4 (female, P. tremula x P. alba) was used for 

transformation. All the plants were propagated in vitro and transformed according to the protocol 

described by Ma et al. (2012). In brief, Agrobacterium cells (strain AGL1) were used for 

transferring transformation vectors. Leaf discs (4 mm in diameter) and inter-nodal stem segments 

(3-4 mm in length) were wounded with multiple fine cuts and inoculated by incubating with 

Agrobacterium suspension for one hour. Then, the inoculated explants were co-cultivated with 

transformed Agrobacterium cells on calli induction medium (CIM) at 22°C for two days (Figure 

6). After that, the explants were washed for four times and transferred to clean CIM with 50 

mg/L kanamycin, 200 mg/L timentin and 250 mg/L cefo for selection of transformed explants. 

Three weeks later, the explants with formed calli were transferred onto shoot induction medium 

(SIM) with 0.2 µM thidizuron (TDZ), 100 mg/L kanamycin, 200 mg/L timentin and 250 mg/L 

cefo. After two to three months, the explants with formed shoots were moved onto shoot 

elongation medium (SB0.1) containing 100 mg/L kanamycin, 200 mg/L timentin and 250 mg/L 

cefo. The regenerated shoots were further screened for kanamycin resistance by rooting on root 

induction medium containing 25 mg/L kanamycin, 100 mg/L timentin and 150 mg/L cefo. After 

approximately thirty days, the elongated, rooted shoots were micro-propagated onto the same 

medium. 

 

PCR validation of transgenic plants 

 To ascertain the correct insertion of the transformation vectors, 78 and 100 independent 

events of ProWUS::GUSPlus and λ::ProWUS::GUSPlus, respectively, were tested by PCR 
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analysis. Non-transgenic poplar plants served as a negative control. Three shoot tips were 

collected from each independent event and quickly frozen in liquid nitrogen. Each tissue sample 

was homogenized using a drill press and plastic pestles in 200 µl of DNA extraction buffer (2 M 

NaCl, 200 mM Tris-HCl at pH8, 70 mM EDTA, 20 mM NaMetabisulfite) and 50 µl of 5% N-

lauroylsarcosine. After 1 hour of incubation at 60°C, each sample was centrifuged at 13,000 rpm 

for 20 minutes at room temperature. 150 µl of supernatant was collected and mixed with 150 µl 

of 5 M NH4OAc and 300 µl isopropanol, followed by inversion and 1-hour incubation at -20°C. 

Then, the samples were centrifuged again at 13,000 rpm for 10 minutes at room temperature. The 

pellet was collected and rinsed with 500 ml of cold 70% EtOH. After 2 hours of air drying, the 

pellet was re-suspended in 200 µl of 10 mM Tris. PCR reactions were performed using 

approximately 300 to 500 ng DNA template and EconoTaq® DNA Polymerase (Lucigen®, 

Middleton, WI) according to the manufacturer’s instructions. Primers WUS3’F (5’-CAC CTA 

GCT ACC CCA CCT CT -3’) and GUS5’R (5’- GAT CCG CAA GAC GCA TCA AC -3’) were 

employed to amplify partial WUS promoter and partial GUS sequence. Primers EXOB3’F (5’- 

CTC AAA GTC CAT GCC ATC AA -3’) and WUSprom5’R (5’- GGT GTC TTA TAC TCA 

TCG GAC -3’) were used to amplify partial λ fragment and partial WUS promoter sequence. 

Primers for the housekeeping gene ACTIN2 (ACT2, Potri.001G309500) were used to verify 

DNA. The amplification thermo cycle consisted of 95°C for 5 min, 35 cycles of 95°C for 1 

minute, 48°C for 1 minute and 72°C for 1.5 minutes, followed by a single extension at 72°C for 

7 minutes. PCR products were analyzed by gel electrophoresis (Figure 7).  

 

Histochemical staining and stained tissue scoring 
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To investigate the localization patterns and expression levels of GUS in various 

transgenic events, a qualitative GUS staining assay was carried out on 34 and 25 independent 

events from ProWUS::GUSPlus and λ::ProWUS::GUSPlus, respectively, as well as 8 non-

transgenic poplar plants. Three plants were collected from each transgenic event and the number 

of assayed plants was 185 in total. Due to the large sample size, sample randomization was 

performed to avoid personal bias throughout tissue staining and stained tissue scoring. All the 

plants were divided into three groups, and each group contained one plant from every transgenic 

event as well as two or three non-transgenic plants. Within each group, every plant was assigned 

with a random number. Only the information regarding the assigned numbers was available 

when the researcher was performing the experiment. Plants within the same group were assayed 

at the same time but three groups were assayed at different time points. During staining, each 

regenerated plant with intact roots and shoots was placed in a 15 ml conical tube and completed 

immersed in GUS staining solution consisting of 2 mM of 5-bromo-4-chloro-3-indolyl-β-D-

glucuronic acid (X-Gluc, Goldbio® catalog number G1281C4) solution at 37°C as described 

(Weigel et al., 2002). A 30-minute vacuum infiltration was performed in prior to the overnight 

incubation. After staining, the whole plants were washed with 70% ethanol for four times to 

clear the tissues. During each wash, the whole plants were completely immersed in 70% ethanol 

for one hour at room temperature.  All the plants were photographed using a Cannon® EOS 

digital camera. Individual plant organs from selected events were examined and photographed 

using a	Keyence VHX-1000 digital microscope. 

 

Analysis of shoot regeneration rate, PCR confirmation rate and transformation efficiency 
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 For both ProWUS::GUSPlus and λ::ProWUS::GUSPlus groups, the shoot regeneration 

rate during each round of explant co-cultivation, as well as the overall shoot regeneration rate, 

was calculated. Two-sample T-test and Fisher’s exact test were used to compare the shoot 

regeneration rates for the two groups. PCR confirmation rates for the two groups were calculated 

by using the number of shoots selected for PCR validation and the number positive events. 

Fisher’s exact test was then carried out to examine the difference between the confirmation rates 

for the two groups. The expected transformation efficiency for the two transgenic groups was 

calculated by using the shoot regeneration rates and the PCR confirmation rates.  

 

Analysis of staining results 

The GUS staining intensity was measured in various tissues, including apical and axillary 

meristems, hydathodes, leaf lamina and veins, roots, using a 0-3 scoring system (Figure 8). A 

demonstration of how plants were scored using this system is shown in Figure 9. To investigate 

the tissue-specificity of GUS staining within plants, three ramets from each transgenic event 

were analyzed. If more than one ramet from the same event exhibited GUS staining in a specific 

region, this particular event was considered having GUS activity in this region. To examine the 

variability in GUS expression in different tissues among constructs, we calculated the 

percentages of events with specific GUS localization patterns for ProWUS::GUSPlus and 

λ::ProWUS::GUSPlus. A Fisher’s exact test was used to determine whether the difference 

between the percentages of the same staining pattern in the two constructs was significant or not.  

To understand the impact of the λ fragment on GUS expression levels, we analyzed the 

average staining intensity in meristems, non-meristematic tissues and whole plants in the two 

groups. The mean scores of each event were calculated by averaging the scores of the ramets 
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within the event. The mean scores of each group (insulated or non-insulated) were obtained by 

averaging the mean scores of events in the group. To investigate if the λ fragment would affect 

GUS expression levels in meristems, we compared the averaged staining intensity in meristems 

between the insulated and non-insulated groups. A nonparametric Wilcoxon rank-sum test was 

used to determine the significance of the difference. Additionally, to test if the λ fragment could 

reduce the variability in GUS expression levels, the variance of staining scores among events 

from each group was calculated. A Levene’s test was used to determine if the variances for the 

two groups were significantly different. The staining scores in non-meristematic tissues and 

whole plants were analyzed using the same approach described above to reveal the impact of the 

λ fragment on GUS expression in non-meristematic tissues and the whole plants. Moreover, the 

influence of the λ fragment on the tissue-specificity of GUS expression was investigated in this 

study. The ratio between the staining intensity in meristems and the staining intensity in non-

meristematic tissues was calculated for each transgenic event and graphed in a histogram figure. 

 

Results 

Hybrid poplar shoot regeneration rate, PCR confirmation rate and transformation efficiency 

 A total of 532 and 625 explants were used for hybrid poplar transformation with 

ProWUS::GUSPlus and λ::ProWUS::GUSPlus, respectively (Table 1). The co-cultivation of 

explants with Agrobacteria was repeated for four times (Table 2). 216 explants transformed with 

ProWUS::GUSPlus generated shoots after co-cultivation and the shoot regeneration rate was 

40.6%. 78 independent events were used for PCR validation and 35 events had the correct 

insertion of ProWUS::GUSPlus according to the results. The PCR confirmation rate of positive 

ProWUS::GUSPlus transformants was 46%. Based on the calculated shoot regeneration rate and 
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the PCR confirmation rate of ProWUS::GUSPlus, the expected transformation efficiency for this 

construct was 18.2%.  

For λ::ProWUS::GUSPlus, 114 out of 625 co-cultivated explants generated shoots on 

kanamycin-containing media. The shoot regeneration rate for this construct was 18.2%. 30 out of 

100 independent events showed positive results in PCR validation. The expected transformation 

efficiency for λ::ProWUS::GUSPlus was 5.5%. 

A one-tailed Two-sample T-test was performed on the overall shoot regeneration data for 

ProWUS::GUSPlus and λ::ProWUS::GUSPlus transgenic events. Although ProWUS::GUSPlus 

had a much greater shoot regeneration rate (40.6%) compared to the number for 

λ::ProWUS::GUSPlus (18.2%), the difference between these two values was not significant 

(p=0.23, Table 3). In addition, we observed differences in the shoot regeneration rates from each 

of our four rounds of explant co-cultivation. We used a Chi-squared test to compare the shoot 

regeneration rates for both constructs during each round of explant co-cultivation (Table 2). In 

the 1st and 4th round of explant co-cultivation, the difference between the shoot regeneration rates 

was significant (p<0.01). However, these values for the two groups in the 2nd and 3rd round of 

co-cultivation were not significantly different (p<0.05).  

The PCR confirmation rates for ProWUS::GUSPlus and λ::ProWUS::GUSPlus events 

were also compared using Chi-squared test and Fisher’s exact test (Table 3). The result from 

Fisher’s exact indicated that the difference between the PCR confirmation rates for the two 

groups was significant (p<0.05), which was contradicting with the result from the Chi-squared 

test (0.05<p<0.10). The p value obtained from the Chi-squared test did not meet the stringency 

for this study. 
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Localization patterns of GUS in ProWUS::GUSPlus and λ::ProWUS::GUSPlus events 

 A histochemical GUS staining assay was carried out to qualitatively determine the 

localization patterns and relative expression levels of GUS in ProWUS::GUSPlus and 

λ::WUS::GUSPlus transgenic events. 8 non-transgenic plants were included in this assay as 

negative controls. As expected, none of the non-transgenic plants showed GUS staining in any 

tissues (Figure 10a). A wide range of GUS expression patterns was found in ProWUS::GUSPlus 

and λ::ProWUS::GUSPlus events (Figure 10, Table 4), including events with no meristem 

staining. To determine if these plants had very tiny regions of meristem staining, which may not 

be detectable by imaging with a standard digital camera, the events with no GUS expression 

from ProWUS::GUSPlus and λ::ProWUS::GUSPlus were further examined using a dissecting 

microscope. No GUS staining was observed in the selected events in this study (Figure 11).  

 Of 34 tested ProWUS::GUSPlus events, GUS was detected in all major types of tissues. 

The majority of the events showed GUS staining in apical and/ or axillary meristems (85.3%) 

and hydathodes (76.5%). Interestingly, 72.4% of the events with expression in meristem regions 

also had GUS staining in hydathodes. A large number of events had GUS activity in leaf lamina 

and veins (41.2%) and roots (35.3%). Only 2 events had exclusive GUS expression in meristems 

(5.9%) and 1 event had zero GUS staining (2.9%).  

 For the λ::ProWUS::GUSPlus group, 76.0% of events had GUS expression in meristems 

and 64.0% of events had GUS expression in hydathodes. There were 84.2% of the events with 

GUS expression in meristems had GUS staining in hydathodes. The insulated events had 24.0% 

of events with GUS activity in leaf lamina and veins and 32.0% of events with GUS activity in 

roots. The percentage of events with meristem-specific GUS expression was 8.0%. There were 5 

out of 25 transgenic events had no staining in any tissues. 
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 Compared with ProWUS::GUSPlus, the λ::ProWUS::GUSPlus group had a lower 

percentage of events with GUS expression in meristems. Although the two groups had a similar 

percentage of events with GUS expression in non-targeted root tissues, the percentage of events 

with GUS activity in non-targeted leaf lamina and veins for λ::ProWUS::GUSPlus (24.0%) was 

only about half of that percentage for ProWUS::GUSPlus (41.2%). The percentage of events 

with meristem-specific GUS expression for was λ::ProWUS::GUSPlus 8.0%, which was slightly 

higher than that percentage for ProWUS::GUS (5.9%). Interestingly, the percentage of events 

with no staining for λ::ProWUS::GUSPlus (20%) was greater than that percentage for 

ProWUS::GUSPlus by more than seven times. 

 Fisher’s exact test was employed to compare the percentages of events with the same 

expression pattern between both groups. The difference between the percentages of events with 

no GUS expression for ProWUS::GUSPlus and λ::ProWUS::GUSPlus was significant (p<0.04), 

while the values for the rest expression patterns were not significantly different between these 

two groups (Table 4). 

  

Meristem and whole-plant staining intensity of ProWUS::GUSPlus and λ::ProWUS::GUSPlus 

events 

The distribution of GUS staining scores at meristems for ProWUS::GUSPlus and 

λ::ProWUS::GUSPlus transgenic events is shown in Figure 12a. λ::ProWUS::GUSPlus had a 

higher percentage of events with no GUS staining (score = 0) and in low and middle staining 

score ranges (from 0 to 1 and from 1 to 2) compared with ProWUS::GUSPlus events. The 

percentage of events in the highest score range (from 2 to 3) for ProWUS::GUSPlus events was 

greater than twice as much as the percentage for λ::ProWUS::GUSPlus events.  
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 The average scores of staining intensity in meristems for the insulated and non-insulated 

group were 1.19 and 1.54 (table 5), respectively. Although a 23% decrease in the average 

staining intensity in meristems was found in the insulated events, the difference between the 

meristem staining intensity for the two groups was not significant according to the Wilcoxon 

rank-sum test (p = 0.12>0.05, table 5). 

The variability of GUS expression levels in meristems for ProWUS::GUSPlus and 

λ::ProWUS::GUSPlus events were also investigated. Both groups had a large variance in GUS 

staining scores in meristems. According to Levene’s test, the variances of the averaged meristem 

staining scores were not significantly different between the two groups (p = 0.93>0.05, Table 5). 

The distribution of the whole-plant staining intensity for ProWUS::GUSPlus and 

λ::ProWUS::GUSPlus events is indicated in Figure 12b. The majority (76%) of 

λ::ProWUS::GUSPlus events had no or weak GUS staining intensity (from 0 to 1) and only 24% 

of the events had staining score larger than 1. In contrast, ProWUS::GUSPlus had 55.9% and 

35.3% of events with intensity score ranging from 0 to 1 and 1 to 2, respectively. The overall 

average score for ProWUS::GUSPlus and λ::ProWUS::GUSPlus were 0.94 and 0.72, 

respectively (Table 6). A 23% decrease was observed in the insulated events.  

The average scores of staining intensity in whole plants for the insulated and non-

insulated group were 0.71 and 0.94 (table 6), respectively. A decrease was found in the overall 

staining intensity in the insulated events but the difference between these two values was not 

significant according to the Wilcoxon rank-sum test (p = 0.10>0.05, table 6). 

Both ProWUS::GUSPlus and λ::ProWUS::GUSPlus groups had large variability in the 

overall average score for the whole-plant staining intensity. Levene’s test suggested that the 
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variances in the staining scores were not significantly different between the two groups (p = 

0.83>0.05, Table 6). 

 The distribution of the staining intensity in non-meristematic tissues for both insulated 

and non-insulated events were shown in Figure 12c. The insulated group had a higher frequency 

of events with no staining in non-targeted tissues. 

The insulated group had a 25% decrease in the average non-meristem staining score 

(0.53, table 7) compared to the non-insulated group (0.71, table 7). However, the Wilcoxon rank-

sum test suggested the difference between the average non-meristem staining scores for the two 

groups was not significant (p = 0.07>0.05, table 7).  

The variances of non-meristem staining scores among events were calculated for the two 

groups. According to Levene’s test, the insulated and non-insulated group had equal variances in 

GUS staining intensity in non-meristematic tissues (p = 0.77>0.05, Table 7). 

 The ratio between the GUS staining intensity in meristems and the staining intensity in 

non-meristematic tissues was calculated for each transgenic event and plotted in Figure 12d. 

Interestingly, the distribution of this ratio for the insulated group and the non-insulated group 

was highly similar. The majority of the transgenic events in each group had the ratio ranging 

from 1 to 2. Only a small population of events had relatively low (from 0-1) and high (from 2-3) 

ratio in each group. 

 

Discussion  

In plant genetic engineering, the expression pattern and expression level for transgenes of 

interest varies from event to event. Researchers often need to create a large number of transgenic 

events to screen for the ones with desired expression pattern and expression level. Therefore, it is 
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important to develop a method to allow scientists to create transgenic plants with higher 

precision. In this study, we have investigated the insulator activity of a 1-kb bacteriophage λ 

fragment in hybrid poplar by placing it between a 35S promoter and the meristem-specific WUS 

promoter fused to the GUS reporter gene (Figure 4). A previous study with the original non-

insulated ProWUS::GUSPlus showed a range of GUS expression patterns (Figure 5, Bao et al., 

2009), suggesting that the enhancing power of the 35S promoter overrode the tissue specificity of 

the WUS promoter. With the presence of the bacteriophage λ fragment, we expected the insulated 

poplar plants to have more meristem-specific GUS staining patterns and reduced variability in 

expression levels. According to the results from the qualitative GUS staining assay, both the 

insulated and non-insulated group had 76.0% and 85.3% of events with GUS expression in 

meristems (Table 4), indicating the meristem-activity of the WUS promoter. As we expected, the 

λ::ProWUS::GUSPlus events showed a more meristem-specific GUS expression pattern (Table 

4). Compared with the non-insulated ProWUS::GUSPlus events, the insulated group had a 

higher percentage (26% greater) of events with meristem-specific GUS expression and lower 

percentages of events with GUS expression in non-meristematic tissues, including hydathodes, 

leaf lamina and veins and roots (Table 4), although the differences were not significant (p>0.05, 

Table 4).  

To understand the influence of the λ fragment on transgene expression levels, we 

examined the average staining intensity in meristems, non-meristematic tissues and whole plants 

in the insulated and non-insulated plants. The distribution of the averaged scores for each event 

suggested a reduced expression in meristems and non-meristematic tissues in the insulated events 

(Figure 12). This reduction in transgene expression was also observed when the average staining 

intensity in meristems/non-meristematic tissues/whole plants for the two groups was compared 
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(Fiure 5, 6 and 7), indicating that the λ fragment was able to protect transgene expression from 

the influence of the upstream 35S promoter. 

The variability in GUS expression levels was also investigated in this study. 

Contradicting to our expectations, the meristem staining intensity for the insulated and non-

insulated groups had equal variability and the variability of the non-meristem staining intensity 

for the two groups was equal as well (p>0.05, Table 5 and 7). In conclusion, our data showed 

that the λ fragment improved the specificity of transgene expression by creating a more 

meristem-specific expression pattern but failed to reduce the variability in the expression levels 

in hybrid poplar. Interestingly, a decrease in GUS expression levels in all types of tissue was 

observed in the insulated plants.  

Additionally, the frequency of events with no GUS staining in the insulated group was 

significantly higher (p = 0.04) than that frequency in the non-insulated group. Having events 

with no GUS staining was an expected outcome from the experiment and this could be due to 

many reasons, such as the staining was not successful or the staining pattern was too weak to be 

detected. Importantly, this non-staining trait was consistent for all ramets in each event, making 

less likely to be due to unsuccessful staining as the ramets were assayed independently. A 

microscopic investigation was carried out on the events with undetectable staining from a 

standard digital camera. However, none of the selected events showed any staining at apical 

meristems under the dissecting microscope (Figure 11). To further analyze the events with no 

detected staining, one could carry out a quantitative GUS activity assay to measure the exact 

GUS expression levels. 

Although our data showed the λ fragment acted as a genetic insulator in hybrid poplar, 

whether it would become a great tool for plant genetic engineering is still debatable. Compared 
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with ProWUS::GUSPlus, the shoot regeneration rate, PCR confirmation rate for the insulated 

construct were lower by 55% and 33% respectively (Table 1). The expected transformation 

efficiency of the insulated construct was 70% (Table 1) lower than the value for the non-

insulated construct. This difference could be attributed to the larger size of the insulated 

transformation construct as compared to the non-insulated construct. Increasing construct size 

can decrease transformation efficiency, so the presence of a 1-kb λ fragment on the construct can 

potentially reduce transformation efficiency (Birch, 1997). To solve this issue, one approach 

would be to determine the minimal functional sequence in the λ fragment. By keeping the core 

sequence and deleting the rest can reduce the size of this insulator element, thereby increasing 

the transformation efficiency.  

Ideally, insulators would be effective in a variety of plant species and for many 

expression patterns and levels of interest. However, it appears that the efficiency of the λ 

fragment’s insulator function may be influenced on the tissue-specific promoter and the chosen 

plant system. In our study, only 8% of the insulated events had tissue-specific GUS expression 

driven by the meristem-specific WUS promoter. In contrast, one study regarding characterizing 

the λ fragment in Arabidopsis showed that the majority (93.3%) of the insulated transgenic 

events lacked transgene expression in non-targeted tissues when the flower-specific AGIP 

promoter was employed (Singer et al., 2009). Also, the difference between the efficiencies of the 

λ fragment in two studies could be due to the use of different plant species. Therefore, the λ 

fragment might function differently when a different promoter is used for controlling transgene 

expression or it is tested in another plant system. Moreover, the specificity of the WUS promoter 

is concerning as a previous study with ProWUS::GUSPlus showed only 65% of the events had 

transgene expression in meristems in hybrid poplar (Bao et al., 2009). The use of this 
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problematic promoter could potentially contribute to the complexity of the experimental outcome, 

causing an underestimate of the insulator function of the λ fragment. Additionally, the 35S is a 

very potent promoter and it contains strong enhancing ability on nearby promoters. It benefits 

researchers by providing strong expression of the selectable marker in transgenic plants while it 

also strongly influences expression of the transgene of interest (Yoo et al., 2005). Therefore, 

replacing the 35S with a less potent promoter to control selectable marker expression could 

potentially increase the efficiency of the λ fragment. 

Whether the efficiency of the λ fragment was associated with the integration sites is 

unknown. During Agrobacterium-mediated plant transformation, transgenes are inserted 

randomly into the plant genome (Hohn et al., 2003). It is possible for transgenes to be integrated 

into regions under the influence of endogenous regulatory elements, which can lead to 

unexpected transgene expression. This study did not examine the integration sites for the 

transgenes. Therefore, we were unable to determine how the endogenous regulatory elements 

and the 35S promoter from the transformation vector affected transgene expression in both 

transgenic groups, and which type of influence was reduced by the λ fragment. Also, the 

transformation vectors can be integrated into inactive regions of the genome, causing lowered 

transgene expression levels. The chance of having the construct being silent after transformation 

could contribute to the decreased GUS expression levels in the insulated group. To avoid the 

potential position effect on transgene expression, a transformation method, such as the CRISPR-

Cas9 system, is needed for integrating transgenes with high precision. 

 In summary, our data suggested that the λ fragment led to a more tissue-specific 

expression pattern of the transgene of interest in hybrid poplar. The λ fragment could potentially 

protect transgene expression from the influence of nearby regulatory elements, resulting in 
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reduced transgene expression levels. A decrease in GUS expression levels was observed in both 

targeted and non-targeted tissues (Figure 12). However, this trend was not statistically significant. 

To further investigate the insulator function of the λ fragment in hybrid poplar, a larger sample 

size would be helpful for more detailed statistically analysis, as would a quantitative GUS assay 

to more precisely measure GUS expression.  
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Figure Legends 

 

 

 

 
 
Figure 1 Hybrid poplar plantations 
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Figure 2 Three major models that explain the enhancer-blocking activity of insulators (adapted 

from Valenzuela et al. 2006). a Promoter decoy model: the insulator element occupies the 

enhancer through binding interactions, thereby preventing the communication between the 

enhancer and the promoter. b Facilitator model: the insulator recruits binding proteins, which 

impact the function of facilitator factors. c Structural model: The insulator elements bind to the 

nuclear periphery, resulting in the formation of structured chromatin domains. The 

communication between the enhancer and the promoter is interrupted due to the lack of 

proximity. 
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Figure 3 Characterization of λ insulator in Arabidopsis (adapted from Singer et al. 2010). 93.3% 

of JM69-transformed plants (harboring AGIP::GUS cassette downstream of a 35S promoter) 

showed GUS activity in non-targeted leaves while 6.7% of JM87-transformed events (harboring 

λ insulator inserted between the 35S promoter and AGIP) had weak GUS activity in leaf tissues. 

Non-insulated Insulated 
Non-transgenic 

control 
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Figure 4 Schematic representation of transformation construct λ::ProWUS::GUSPlus. LB and RB: left and right T-DNA borders, 

respectively; term: terminator; nptII: neomycin phosphotransferase II; 35S: cauliflower mosaic virus 35S promoter; insulator: a 1-kb 

bacteriophage λ fragment; WUS: meristem-specific gene WUSCHEL promoter; GusPlus: β-glucuronidase. Diagrams were not drawn 

to scale. 
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Figure 5 Non-tissue-specific expression patterns of ProWUS::GUSPlus in transgenic poplar (adapted from Bao et al. 2009). A 

meristem-specific GUS activity. B GUS activity detected in non-targeted roots. C GUS activity detected in non-targeted leaf veins. 

Red arrows point to GUS staining locations. 
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Figure 6 Transformation and regeneration of poplar explants. The wounded poplar explants were co-cultivated with Agrobaterium 

cells on callus induction medium (CIM) for two days. Then, the explants were washed and transferred onto clean CIM for callus 

induction. The explants with formed calli were moved onto shoot induction medium (SIM) for shoot induction. The explants with 

multiple shoots were transferred onto shoot elongation medium for shoot growth. Regenerated shoots were collected and placed on 

rooting medium for antibiotic selection and rooting. After 30 days, the elongated and rooted shoots were micro-propagated on rooting 

medium. The propagation took place every two months. 
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Figure 7 Example of the PCR validation for the plants transformed with λ::ProWUS::GUSPlus.  We used three sets of primers to 

verify the presence of the λ insulator and GUSPlus features. Set 1 amplified partial WUS promoter (3’ end) and partial GUS sequence 

(5’ end), set 2 amplified partial λ fragment (3’ end) and partial WUS promoter sequence (5’ end), set 3 were housekeeping gene 

ACTIN2 primers for verifying plant DNA quality.   

E
v
e

n
t 

3
  

E
v
e

n
t 

5
  

E
v
e

n
t 

1
9

 

E
v
e

n
t 

2
0

  

E
v
e

n
t 

2
1

 

E
v
e

n
t 

2
2

  

E
v
e

n
t 

1
3

 

E
v
e

n
t 

2
4

  

E
v
e

n
t 

2
5

 

E
v
e

n
t 

2
7

 

E
v
e

n
t 

2
8

  

E
v
e

n
t 

2
6

  

E
v
e

n
t 

3
1

 

E
v
e

n
t 

3
2

  

Independent events 

W
T

 p
la

n
t 

P
la

s
m

id
 c

o
n

tr
o

l 
 

λ insulator 

GUSPlus 

actin control 



 
37 

 
 

 

GUS staining score 0 1 2 3 

apical meristem 

axillary 
meristems 

roots 

junctions of primary 
and secondary roots 

leaf tissues 

leaf veins 

hydathodes 



 
38 

Figure 8 0-3 scoring system for documenting GUS staining patterns in various tissues (From top 

to bottom: apical meristem, axillary meristem, root, junctions of primary and secondary roots, 

leaf tissues, major leaf veins and leaf tips). Red arrows point to GUS staining locations. 
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Figure 9 The scoring of stained plant tissues. The staining intensity in various types of tissues, 

including apical and axillary meristems, leaf tissues leaf veins and petioles, junctions of primary 

and secondary roots and primary roots, using a 0-3 scoring systems. Red arrows point to GUS 

staining locations. 
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Figure 10 Various GUS staining patterns of the transgenic plants. a no staining (non-transgenic 

control) b week staining at apical meristems c strong staining at meristems, hydathodes and roots 

d staining in leaf lamina e&f strong staining across the whole plant. 
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Figure 11 Microscopic investigation of GUS activities in selected transgenic events. The events 

with undetectable GUS activity in the digital photography were selected for this analysis. No 

GUS activity was shown in apical meristems under the dissecting microscope. 
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Figure 12 Analysis of GUS staining intensity in meristems (a), whole-plant tissues (b), non-

meristem tissues (c) and the proportion of meristem staining intensity to non-meristem staining 

intensity (d). 
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Table 1 Summary of shoot regeneration, PCR confirmation and transformation efficiency for ProWUS::GUSPlus and 

λ::ProWUS::GUSPlus. 

 

Construct name 

Number of co-

cultivated 

explants 

Number of the 

explants with 

shoot formation 

Shoot 

regeneration rate 

Number of 

shoots used for 

PCR analysis 

Number of 

positive events 

PCR 

confirmation rate 

The expected 

overall 

transformation 

efficiency 

ProWUS::GUSPlus 532 216 40.6% 78 35 44.9% 18.2% 

λ::ProWUS::GUSPlus 625 114 18.2% 100 30 30.0% 5.5% 
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Table 2 Summary of four rounds of co-cultivation of poplar explants with Agrobacterium cells and shoot regeneration for 

ProWUS::GUSPlus and λ::ProWUS::GUSPlus. 

 

 

 

 

Shoot regeneration rate (%)  Difference between the 

shoot regeneration rate 

for each construct (Chi-

squared test) 

Difference between the 

shoot regeneration rate 

for each construct (one-

tailed two-sample T-

test) 
ProWUS::GUSPlus λ::ProWUS::GUSPlus 

Co-cultivation round 1 65.5 47.2 p<0.01 (significant) 

p = 0.23 

Co-cultivation round 2 6.1 5.4 0.75<p<0.90 

Co-cultivation round 3 3.3 11.3 0.05<p<0.10 

Co-cultivation round 4 60.9 8.8 p<0.01 (significant) 

Average 34.0 18.2 

 Standard deviation 33.8 19.5 
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Table 3 Statistical analysis of PCR confirmation rates for ProWUS::GUSPlus and λ::ProWUS::GUSPlus. 

 

Construct name 
Number of shoots used 

for PCR analysis 

Number of 

positive events 
Confirmation rate 

Difference 

between the PCR 

confirmation rate 

for each construct 

(Chi-squared test) 

Difference between 

the PCR confirmation 

rate for each construct 

(one-tailed Fisher’s 

exact test) 

ProWUS::GUSPlus 78 35 44.9% 
0.05<p<0.10 

p = 0.03<0.05 

(significant) 
λ::ProWUS::GUSPlus 100 30 30.0% 
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Table 4 Summary of GUS localization patterns for ProWUS::GUSPlus and λ::ProWUS::GUSPlus. 

 

 

Apical and/or 

axillary 

meristems 

Hydathodes 
Leaf lamina 

and veins 
Roots No staining 

Exclusive in 

apical and 

axillary 

meristems 

Total  

ProWUS::GUSPlus 

Number of 

events 
29 26 14 12 1 2 34 

% 85.3 76.5 41.2 35.3 2.9 5.9 
 

λ::ProWUS::GUSPlus 

Number of 

events 
19 16 6 8 5 2 25 

% 76.0 64.0 24.0 32.0 20.0 8.0 
 

Difference between the percentage of 

events with the specific GUS 

localization pattern for each construct 

(one-tailed Fisher’s exact test) 

p = 0.28 p = 0.22 p = 0.14 p = 0.51 
p = 0.04<0.05 

(significant) 
p = 0.57 
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Table 5 Summary of meristem staining scores 

 

 

Meristem staining scores 

Average 

Difference between the 

mean values (Wilcoxon 

rank-sum test) 

Standard 

deviation 

Difference between the 

variance for each construct 

(Levene’s test) 

ProWUS::GUSPlus 1.54 
p = 0.12 (not significant) 

0.90 
p = 0.93 (equal variances) 

λ::ProWUS::GUSPlus 1.19 0.97 

 

 

 

Table 6 Summary of whole-plant staining scores. 

 

 

Whole-plant staining scores 

Average 

Difference between the 

mean values (Wilcoxon 

rank-sum test) 

Standard 

deviation 

Difference between the 

variance for each construct 

(Levene’s test) 

ProWUS::GUSPlus 0.94 p = 0.10 

(not significant) 

0.71 p = 0.83 

(equal variances) λ::ProWUS::GUSPlus 0.71 0.76 
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Table 7 Summary of non-meristem staining scores. 

 

 

Non-meristem staining scores 

Average 

Difference between the 

mean values (Wilcoxon 

rank-sum test) 

Standard 

deviation 

Difference between the 

variance for each construct 

(Levene’s test) 

ProWUS::GUSPlus 0.71 p = 0.07 

(not significant) 

0.70 p = 0.77 

(equal variances) λ::ProWUS::GUSPlus 0.53 0.76 

 


