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Abstract
To enhance the sensitivity of an ongoing Genome Wide Association Study (GWAS) for in vitro shoot regeneration and 
genetic transformation, a wide range of factors that can affect regeneration rate and, therefore, expression of genetic diversity 
were studied. Included were explant types and sources; direct versus indirect regeneration; nitrogen salts and micronutrient 
levels in basal medium; sucrose, auxin, and cytokinin types and levels; light intensity and quality; melatonin and serotonin; 
antibiotics (to exogenously control contaminants); antioxidants; and the ethylene-mitigating agent silver nitrate. Genotype 
was a statistically significant source of variance in response to nearly every treatment and for every measure of regeneration 
noted in shoots and roots, and initial generation of callus. Nonetheless, broad-sense heritability estimates varied widely as 
a result of variable degrees of environmental modification and statistical interactions with genotype. Compared to leaves, 
stem and petiole explants were highly correlated in their expression of genetic variation in response to treatments, a likely 
result of their functional similarity. Based on literature review, this study appears to be the most intensive analysis of plant 
natural genetic variation in response to in vitro manipulations published. It should help to guide development of improved 
and highly heritable treatments in other plant species that employ organogenic regeneration systems.
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Introduction

The capacity for regeneration of plant organs or embryos 
from somatic tissues is the basis of plant genetic engineer-
ing methods. However, there is enormous genetic variation 
in response to regeneration-inducing treatments such as use 
of plant hormones or tissue wounding (Lardon and Geelen 

2020). A small number of studies have determined quanti-
tative genetic parameters for variation in regeneration rate 
(Lazar et al. 1984; Nestares et al. 2002), and only a handful 
of studies have attempted to identify the genes underlying 
natural genetic variation in regeneration rate (Tuskan et al. 
2018; reviewed by Lardon et al. 2020). As part of an effort to 
identify regeneration methods that would elevate regenera-
tion rates and expression of genetic variation among geno-
types for a study of GWAS, we sought to quantify broad-
sense heritability and interactions of genotype with diverse 
in vitro treatments and explant types for a sample of wild 
genotypes of the model tree Populus trichocarpa Torr. and 
Gray (Tuskan et al. 2006). GWAS studies in the related in 
vivo traits of shoot and root regeneration were recently pub-
lished (Nagle et al. 2022a, b). Quantitative analyses that 
focused on treatment effects when averaged over genotypes 
are presented in a companion paper (Ma et al. 2022); here 
we focus on genetic analyses of the same experiments. The 
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results presented are based on 12 different experiments 
involving 170 treatments, with each experiment using two 
to 20 genotypes and two to three replicates per treatment, 
for a total of 42,648 tested explants. We report that due to 
the great variation in responses of individual explants to 
treatments, despite strong genetic differences, estimates of 
broad-sense heritability are only moderate for most regen-
eration treatments studied.

Materials and Methods

The overall structure of experiments and methods was 
presented in detail in Ma et al. (2022). In brief, for each 
experiment up to 20 genotypes of wild P. trichocarpa 
from the Pacific Northwest and nearby Canada were ana-
lyzed (Fig. 1). These trees are part of a GWAS association 
population assembled by Oak Ridge National Laboratory 
(bioenergycenter.org/besc/gwas). The collections of shoots 
harvested from wild trees were established in a coppiced 

clone bank growing near Corvallis, Oregon; then, shoots 
from these transplants were rooted and grown in pots in a 
greenhouse, or maintained by micropropagation in vitro, to 
provide explants for experiments.

Quantitative Analysis To visualize genetic effects, boxplots 
of each trait as a function of genotype are presented for each 
explant type averaged over treatments for each genotype. 
Scatter plots of these averages are presented to show the cor-
relation between different traits as well as between different 
explant types as expressed by each genotype.

The data in each experiment were analyzed with an 
ANOVA model, including the three experimental factors, gen-
otype, treatment, and explant type. In the model, a treatment 
sum of squares is given for all factors and their interactions. 
To quantify the relative importance of the various factors to 
trait variance, sums of squares were used to calculate the pro-
portion of overall variance explained by each factor and their 
interactions. Statistical analyses were performed using R with 
packages as described in detail in Ma et al. (2022).

Figure  1.  Origin of Populus trichocarpa Torr. and Gray genotypes 
used in study. Inset at upper right shows most northern and south-
ern genotypes with circle; genotypes are CA-05–01 in California (not 

included in map), and KTMA-12–4, KTMC-12–1, and DENC-17–2 
in British Columbia.
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To gain insight into the replicability of regeneration 
phenotypes for specific genotypes across experiments that 
were conducted at different times but with the same explant 
sources (in vivo or in vitro), subsets of data that utilized the 
same genotype/treatment/explant type combinations were 
extracted for analysis and subjected to ANOVA. To help 
visualize replicability across experiments, line plots show-
ing each phenotype across experiments were produced for 
each of these combined datasets. The graphical analyses 
were then summarized by recording the numbers of plots in 
which there was at least one case of consistency, defined as 
no rank changes of genotypes between treatments, vs. incon-
sistency (rank changes), vs. strong inconsistency (major 
rank changes), as tabulated and explained in Table S1. For 
example, in supplemental Figure G1 1 (Supplemental Fig-
ures, E13 Cross-experiment replication), there are four plots 
but only the left three are informative about relative rank 
changes for genotypes, so only those were considered in 
Table S1 (column called “N useful plots”). The leftmost pair 
of genotypes and the third from the left (note the two color 
lines, one almost obscuring the other) show no rank changes, 
whereas the second from the left shows a rank change that is 
also considered a “big cross” as tabulated.

Results

A series of 12 different experiments, several subdivided into 
sub-components that were described in detail earlier (Ma et 
al. 2022), were conducted and all traits were subjected to 
analysis of variance, including determination of variance 
components to evaluate the relative importance of the dif-
ferent sources of variation (Table S2 sheet 1; heat map col-
oring given in sheet 2). Heritabilities (all were broad-sense, 
although not always identified as such) were also estimated 
(Table S3) for each set of treatments where there were multi-
ple genotypes studied. Sheet 1 of Table S3 shows heritability 
estimates and their statistical significance, and sheet 2 shows 
heritability estimates with a heat map to help identify treat-
ments that gave the strongest values.

E1: Direct vs. Indirect Regeneration ANOVA showed that 
both genotype and treatment had highly significant variance 
components, and interacted strongly (variance components 
shown as percentages in Table S2). Heritability estimates for 
both treatments were also high, ranging from 0.41 to 0.87, 
showing a large effect of genotype in relation to total vari-
ance (Table S3). Expression of genetic variation, partially 
captured in the heritability estimates, was also substantially 
increased by the indirect (callus-based) compared to the 
direct treatments of root and shoot regeneration (Figs. S1–
S3 E1). Both explant types (leaf and petiole) also showed 

statistically significant genotype × environment interactions 
(Table S2). Under indirect regeneration, the number of 
genotypes that regenerated callus was unsurprisingly much 
higher than with direct regeneration, but also the number 
of genotypes that regenerated shoots was much higher with 
indirect regeneration (Fig. 2). Callus and shoot regeneration 
rates were moderately correlated among genotypes (aver-
aged over treatments and explant types), as was root regen-
eration (though it was highly non-linear due to very low rates 
in the direct treatment) (Figs. S4–S6 E1). Callus regenera-
tion rates were very weakly correlated between direct and 
indirect treatments, but shoot regeneration was more highly 
correlated (r = 0.44 vs. 0.14; Figs. S7 and S8 E1). Unsurpris-
ingly, heritability estimates for callus production were higher 
with indirect vs. direct regeneration (Fig. S9 E1).

E2: Basal Medium Variation For experiment E2, where a 
large number of variations to basal medium composition 
were studied in two genotypes, explant type had the major 
and highly statistically significant influence on rate of shoot 
regeneration, whereas genotype had the largest, and statis-
tically significant, influence on rate of shoot regeneration. 
Heritability was not estimated as only two genotypes were 
studied, and interactions generally accounted for less than 
10% of the variance (Table S2).

E3: Replication to Select Final Basal Media–In Vitro–
Derived Explants Six genotypes were studied for indirect 
regeneration under the five best basal media identified in 
experiment E2. Genotypes, explants, and combined inter-
action terms (including genotype by explant, genotype by 
treatment, treatment by explant, and genotype, treatment, 
explant interactions) were the main sources of pheno-
typic variance (Table S2). Stem explants tended to give 
the highest rate of regeneration and expression of genetic 
variation, followed by petioles and then leaves. Root 
regeneration, on the other hand, was highest and showed 
the highest proportion of genetic variation in leaves fol-
lowed by petioles and stems (Table S3). Rates of callus 
generation were highly variable based on genotype, but 
had similar levels among all the explant types, though 
high replicate to replicate variation with leaf explants 
led to the lowest heritability estimates (Figs. S1–S6 E3a). 
Shoot regeneration was most strongly correlated among 
explant types, especially stem and petiole, compared to 
that for root or callus generation (Figs. S8–S12 E3a). 
Among pairs of basal media, genotype responses for 
generation of callus, roots, and shoots were consistently 
positive and often strongly correlated (above 0.5 and 
often near to 0.9; Figs. S13–S16 E3a). Heritability esti-
mates tended to be lowest for callus from leaf explants, 
and highest for root regeneration from the same explant 
type (Figs. S17–S24 E3a).
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In Vivo–Derived Explants Similar patterns were seen as for 
in vitro explants, though rates of regeneration were often 
lower. Genotypes, explants, and combined interaction 
terms were again the main sources of phenotypic variance 
(Table S2). Stem explants tended to give the highest rate of 
shoot regeneration and expression of genetic variation, fol-
lowed by petioles, and then leaves (Table S3). Root regen-
eration was again highest and showed the highest proportion 
of genetic variation in leaves, but stems had comparable lev-
els. Rates of callus generation were again highest in stems, 
but there was little genetic variation and thus, heritability 
estimates were zero, whereas petioles and leaves showed 
great genetic variation and high but variable heritability esti-
mates (Figs. S1–S6 E3b). Correlations among explant types 
were weaker than for in vitro explants, especially for root 
regeneration (Figs. S7–S11 E3b). Heritability estimates were 
again highly variable and imprecise, with standard error bars 
often overlapping zero (Figs. S18–S23 E3b).

E4: Sucrose Level The responses of four British Columbia P. 
trichocarpa genotypes to three sucrose levels in two types 
of basal media using in vitro–derived explants were studied. 
As discussed by Ma et al. (2022), there was no evidence of 
a general benefit from changes in sucrose level. Genotypes 
were statistically significant and were the major source of 
phenotypic variance (Table S2). Expression of genetic vari-
ation was associated with rates of regeneration, the latter 
varying widely among explant types but not among sucrose 
and basal media combinations. Leaf explants had the high-
est regeneration and expression of genetic variation in root 
regeneration, and stems had slightly higher rates of callus 
and shoot generation (Figs. S1–S6 E4). Stems and petioles 
were most correlated in their regeneration responses, espe-
cially for shoots and callus (Figs. S7–S12 E4). Despite the 
modest differences between treatment and media tested, the 
correlations among experiments were high for callus and 
shoot generation traits (Figs. S19–S22 E4). Heritability 

Figure  2.  Mean percentage of Populus trichocarpa Torr. and Gray 
petiole and leaf explants capable of generating callus or shoots in 20 
genotypes. Explants generating calluses via (A) indirect regeneration 

and (B) direct regeneration. Explants generating shoots via  (C) indi-
rect and (D) direct regeneration.
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estimates were modest and generally correlated with rate 
of regeneration, being highest for stem explants and shoot 
regeneration, and for leaf explants and root regeneration 
(Figs. S23–S28 E4).

E5: Auxin Types and Levels Effects of variation in auxins 
applied to 6 genotypes (Figs. S1–6 E5ai, E5aii; Table S4) 
for in vitro explants in two basal media were studied. To 
anticipate application of these data to GWAS using in vivo–
derived explants, responses of 20 genotypes (Figs. S1–6 
E5b) were studied, using in vivo explants and the same 
treatments. Treatments and combined interaction terms 
were by far the largest sources of phenotypic variance 
(Table  S2). As discussed by Ma et al. (2022), the two 
auxin types studied, 1-naphthaleneacetic acid (NAA) and 

2,4-dichlorophenoxyacetic acid (2,4-D), had distinct effects, 
with NAA tending to enhance root, callus, and shoot forma-
tion from leaves, stems, and petioles, and 2,4-D tending to 
enhance callus and shoot generation (e.g., Fig. S5 E5b). The 
large majority of auxin treatments studied gave rise to differ-
ential genotypic responses in shoot regeneration (e.g., Fig. 3; 
Fig. S4 E5b). Correlations among explant types were highest 
for callus and shoot generation traits compared to root regen-
eration. This is likely a reflection of the much lower rates of 
root regeneration (Figs. S7–S12 E5b). Stem to petiole cor-
relations tended to again be stronger than for other explant 
pairs (e.g., Fig. 4 for callus size). Correlations among treat-
ments were moderate to high within treatments that used 
the same hormone types (2,4-D or NAA). Conversely, there 
were low correlations between treatments that used different 

Figure  3.  Differential genotypic response of Populus trichocarpa 
Torr. and Gray shoot regeneration to auxin treatments. Bar plots 
shown of (A) number of shoots per stem explant and (B) number of 
shoots per petiole explant, in relation to varying concentrations in 

 mgL−1 of 1-naphthaleneacetic acid (NAA) and 2,4-dichlorophenoxy-
acetic acid (2,4-D). Data from in vivo stem and petiole explants in 
experiment E5.
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hormone types (2,4-D vs. NAA; Figs. S13–S18 E5b). Herita-
bility estimates varied widely without clear patterns between 
explants or treatments (e.g., Figs. S19–S24 E5b).

E6: Auxin and Cytokinin Combinations To further iden-
tify the best treatments for enhancing expression of 
genetic variation for GWAS, in vivo–derived explants 
were used to study a wide variety of auxin-cytokinin 
combinations. Combined interactions were the largest 
source of variance, followed by explants and treatments 
(Table  S2). As discussed by Ma et al. (2022), shoot 
regeneration was generally highest from stem explants, 
which generally also showed high levels of genetic vari-
ation and heritability (Table S3; Fig. S1 E6a). Genotypes 
and explants responded to the treatments differentially, 
in relation to both regeneration and necrosis rate (Fig. 5). 
Stem and petiole explants had the highest correlations in 
callus and shoot generation responses (Figs. S9 E6a and 
S10 E6b; root regeneration was zero or very low). Herit-
ability estimates tended to be highest for stem explants 
(e.g., Figs. S17 and S18 E6a). Some treatments, such 
as those involving NAA and 2-isopentenyladenine (2iP) 
(Fig. S4 E6d) or NAA and benzyladenine (BAP) (Fig. S4 
E6e), gave very high but nearly identical rates of shoot 
regeneration per explant among genotypes, thus would be 
useless for GWAS of this trait. Even modest variations in 
media composition were important to optimizing expres-
sion of genetic variation, with media DB1, DB2, and 
DB5—but not DB3, DB4, or DB6 (Table S5)—chosen 
as among the optimal types with respect to suitability for 
GWAS (Fig. 6).

E7: Melatonin and Serotonin Combinations Using in vivo–
derived explants from 19 genotypes, several concentrations 
of melatonin and serotonin independently, and then the effect 
of combined moderate levels in a single medium were tested. 
As discussed by Ma et al. (2022), there was no evidence of 
a general benefit from melatonin or serotonin at any levels. 
Increasing concentration of either chemical clearly reduced 
the rate and expression of genetic variation in shoot regen-
eration (Table S3), with a similar but milder effect for callus 
generation (root regeneration was very low on this medium, 
so no trend was clear). Heritability estimates were highly 
variable and imprecise, but also tended to decrease with 
increasing concentrations (for example, stems and shoot 
number per explant: Fig. S24 E7).

E8: Antibiotic Treatments The effects of different concen-
trations in the fungicide/biocides PPM (Plant Preserva-
tive Mixture) and benomyl (benlate) on in vivo–derived 
explants from 8 genotypes were tested. Experiments under 
both LED and fluorescent lighting in two different kinds 
of growth chambers were conducted. Explant type and the 

Figure  4.  Correlations among Populus trichocarpa Torr. and Gray explant 
types for genotypic means of callus size index score per plate from experiment 
E5b (auxin treatments on in vivo explants). R values were calculated to assess 
correlations between stem, petiole, and leaf explants. Methods for callus size 
index scores are referred to in a companion paper (Ma et al. 2022).
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sum of interactions were the dominant sources of variance 
in these experiments, with the three-way genotype × treat-
ment × explant (G × T × E) interaction being especially large; 
this suggests that different explants from different genotypes 
had very different reactions to these biocides (Table S2).

LED Conditions The effects of PPM or benomyl on callus gen-
eration or expression of genetic variation were essentially nil 
(Figs. S1 and S2 E8b). Differential genotype × explant (G × E) 
responses can be most readily seen for shoot regeneration from 
stem explants as concentrations of both benomyl and PPM were 
increased (Fig. S6 E8b). Perhaps as a result of the extensive inter-
actions observed, and the low rates of shoot and root regeneration 
seen in this experiment, the correlations among explants were 
lower and more variable than seen for other experimental treat-
ments (Figs. S7–S12 E8b), and estimates of heritability were low, 
imprecise, and often could not be estimated (Figs. S13–S15 E8b).

Fluorescent Conditions Similar results were found under 
fluorescent lighting (Fig. S1 E8a), with little effect of either 
biocide on callus generation, but there were suppressive 
effects of high benomyl on stem regeneration from shoots, 
with no clear effect from PPM. Correlations among explants 
were again quite low (Figs. S7–S12 E8a), as were herit-
ability estimates, with the exception of shoot regeneration 
from stem explants, which were above 0.5 for three of the 
treatments studied (Figs. S13–S15 E8a).

E9: Lipoic Acid The effects of a wide range of concentrations 
of lipoic acid (LA) on in vivo–derived explants from 16 geno-
types were studied. As discussed by Ma et al. (2022), there 
was no evidence of a general benefit from lipoic acid (LA) at 
any level. Explant type and statistical interactions were the 
major sources of variance (Table S2). As is obvious from 
the heat maps in Fig. S3 of Ma et al. (2022), callus genera-
tion declined as levels of LA increased, as did the expres-
sion of genetic variation. This was true for callus from all 
explant types, though the LA levels at which callus generation 
declined were highly variable among explants and genotypes 
(Figs. S1 and S2 E9), as expected from the large interaction 
variance. Root regeneration from stem explants was low and 
only declined at high levels of LA and varied among geno-
types (Fig. S5 E9). The decline in shoot regeneration varied 
widely between stem and petiole explant types, with clear 
variation in genotype sensitivity to LA (Figs. S4 and S6 E9). 
Correlations between explant types and experimental condi-
tions tended to be low. This was unsurprising given the high 
interaction variance (Figs. S7–S16 E9). Heritability, where 
they were estimable, tended to be low and its confidence 
interval overlapped zero, which was expected given the strong 
interaction terms.

E10: Activated Charcoal and Ascorbic Acid Several levels of 
activated charcoal (AC) and ascorbic acid or vitamin C (VC) 
were studied in 16 genotypes from in vivo–derived explants. 

Figure 5.  Examples of Populus 
trichocarpa Torr. and Gray 
genotypic variation and geno-
type × explant (G × E) interac-
tions for shoot regeneration and 
necrosis in relation to shoot 
regeneration media and explant 
type. Data from experiment 
E6. Explant types in each plate, 
from top to bottom, are leaf, 
stem, and petiole. See Table S1, 
and Table S3 from Ma et al. 
(2022) for experimental details, 
medium composition, and 
mean regeneration rates (see 
Table S3).



MA ET Al.

1 3

Explant types and combined interaction terms were the larg-
est sources of variance (Table S2).

Activated Charcoal As discussed by Ma et al. (2022), there 
was no evidence of a general benefit from activated charcoal 
(AC) at any level. AC had essentially no effect on rate of callus 

generation, but had a strong and depressing effect on the rate 
and genetic variation in shoot regeneration from both petiole 
and stem explants; root regeneration was hardly observed in this 
experiment (Figs. S1–S6 E10a). Correlations among explants 
and experimental treatments, as well as heritability estimates, 
were again low or inestimable (Figs. S7–S20 E10a).

Figure 6.  Mean number of Pop-
ulus trichocarpa Torr. and Gray 
shoots formed on stem explants 
averaged over treatments. (A) 
DB1 basal medium and (B) 
DB6 basal medium from experi-
ment E6, and (C) heritability 
estimates and their 95% confi-
dence intervals for six selected 
media. Shoot induction media 
tested varied in relative amounts 
of 2,4-dichlorophenoxyacetic 
acid (2,4-D) and benzyladenine 
(BAP); compositions are given 
in Tables S1 and S3 in Ma et al. 
(2022). Also see Table S3 from 
this manuscript.
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Vitamin C As discussed by Ma et al. (2022), there was no 
evidence of a general benefit from VC at any level. Shoot 
regeneration was only marginally affected except at the 
highest level (200 mg  L−1), where a slight and genotype-
dependent decline was noted, especially for petiole explants 
(Figs. S1–S6 E10b). The absolute values of correlations 
among explant types and treatments were again low, but 
were largely positive. Heritability estimates for callus and 
shoot regeneration were moderate. The highest and most 
precise heritability levels were seen for shoot numbers from 
petioles at high concentrations of VC, mainly a reflection of 
low variation among replicate plates (Figs. S22 E10b and 
S6 E10b).

E11: Silver Nitrate The effects of 7 levels of silver nitrate 
(SN) on regeneration of 16 genotypes from in vivo–derived 
explants were studied. As discussed by Ma et al. (2022), 
there was no evidence of a general benefit from SN at any 
level (Table S5). The patterns seen were quite complex; 
explants and combined interactions were again the major 
sources of variance (Table S2), and the responses of the 
various explants to increased levels of SN were distinc-
tive and often genotype-specific. Callus size showed no 
clear trends, though petioles from one genotype seemed to 
benefit from the highest level (Fig. S1 E11). The propor-
tion of explants forming shoots was strongly affected by 
SN level and genotype, with different patterns of decline 
among the three explant types; leaves were most sensi-
tive followed by petioles and then by stems (Fig. S4 E11). 
Correlations among explant types were again modest, 
and heritability was also low or inestimable, and highly 
variable (Figs. S7–S20 E11), with the exception of shoot 
number for petioles and stems at some SN concentrations 
(Fig. S20 E11).

E12: Light Intensity and Quality The effects of varied full-
spectrum white light intensity with or without far red (FR) 
light supplementation on four genotypes of in vivo–derived 
explants were studied. The light treatments were a minor 
source of variance; genotype and explant were the major 
sources along with combined interactions, especially for 
shoot regeneration traits (Table S2). The use of FR light 
appeared to depress callus growth on petioles and stems in a 
genotype-specific manner. The correlations among explants 
were quite strong for shoot regeneration (Figs. S10 and S12 
E12), but much less so among treatments (Figs. S13–S18 
E12). Heritability estimates were generally modest and had 
low precision, with the exception of specific treatments that 
gave low variation among replicate Petri dishes (for exam-
ple, shoot number from both petiole and stem explants at 
40 µmol  m−2  s−1 and zero FR supplementation, which had 
heritability estimates above 0.9 with very small confidence 
intervals; Figs. S24 E12 and S6 E12).

Correlations Among Explant Types A major goal of estimat-
ing correlations of regeneration rates among explant types in 
these experiments was to determine which explant types are 
most physiologically/developmentally similar, as judged by 
their responses to in vitro manipulations. Despite the high 
variability in regeneration responses among explants that 
was observed, due to the very large number of treatments 
and genotypes studied, the explant types were assessed with 
high confidence. Correlations in response to treatments (data 
averaged over genotypes, as presented in the supplemen-
tal figures in Ma et al. 2022), and in genotype responses 
(averaged over treatments) were studied, as presented in the 
supplemental figures in this study. Based on correlations 
among explants in response to different treatments (data 
averaged over genotypes), two-sided Student’s t tests showed 
that stem-petiole correlations were significantly higher than 
stem-leaf correlations (p < 0.0003) or petiole-leaf correla-
tions (p < 0.03), whereas stem-leaf and petiole-leaf correla-
tions did not quite differ significantly (p < 0.07). Thus, stems 
and petioles are clearly the most similar in their responses 
with a mean of 0.56 (± 0.03, standard error) compared to 
means of 0.38 (± 0.03) and 0.48 (± 0.03) for stem-leaf and 
petiole-leaf correlations, respectively (Fig. 7; Table S5). 
When correlations among explant responses based on covar-
iation among genotypes (after averaging over treatments) 
were analyzed, we found similar results. Student’s t tests 
showed that stem-petiole correlations were significantly 
higher than stem-leaf correlations, (p < 0.03) though were 
not quite significantly higher compared to petiole-leaf cor-
relations (p < 0.07); stem-leaf and petiole-leaf correlations 
showed no evidence of a statistical difference (p < 0.76). 
Stems and petioles were, again, most similar at 0.51 (± 0.04) 
compared to means of 0.37 (± 0.05) and 0.39 (± 0.05) for 
stem-leaf and leaf-petiole correlations, respectively.

Repeatability of Genotypic Responses Although all the 
experiments included many pseudo-replicates (explants 
within dishes) and biological replicates (plates rand-
omized in culture rooms), most were not replicated over 
time since the main goal of the work was a sequential 
search for conditions that would maximize expression of 
genetic variance in relation to environmental variance to 
enhance the sensitivity of GWAS. Indeed, because these 
experiments were carried out over nearly 3 yr, and most 
done with in vivo explants taken from trees grown in a 
greenhouse at various times of the year and of different 
ages (number of propagation cycles) and physiological 
histories (greenhouse light, humidity, and temperature 
conditions), a high degree of repeatability over time 
would not be expected. Nonetheless, ANOVA (Table S6) 
showed that despite high experiment to experiment 
variance, genotypes were usually a major and signifi-
cant source of variance, as were the two- and three-way 
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interactions between genotype, treatment, and explant. 
Residuals (variation among replicate plates) were also a 
large source of variance due to, in part, the high variance 
among explants within plates (e.g., Fig. 5).

The graphical analyses (Supplemental Figs., E13 
Cross-experiment replication) showed a wide range of 
responses between experiments, genotypes, and regen-
eration traits (summarized in Table S1). Rank changes 
among genotypes in different experiments were not 
observed in two-thirds (68.5%) of the graphical compari-
sons examined, supporting general consistency of relative 
genotypic responses. However, there was evidence of rank 
changes in one-third of the graphs (32.3%), and major 
rank changes in about one-fifth of the graphs (18.9%). As 
examples, mean proportion of shoots show high genotype 
consistency in nearly all graphical comparisons (e.g., sup-
plemental Figs. G1 12–13, G2 10–12, G3 14 and 15 but 
not G3 13 and G4 13–15).

Discussion

The expression of genetic variation, and the ratio of 
genetic to environmental variation (as measured by 
broad-sense heritability), varied extensively among treat-
ments. Unfortunately, for a species that is difficult to 
regenerate and transform like P. trichocarpa, an exten-
sive search for high heritability and high regeneration 
conditions was a prerequisite for GWAS. A brief study 
suggested that indirect regeneration was far superior 
to direct regeneration for regeneration of most geno-
types (Fig. 2). For this reason, and because of the more 

common use of indirect vs. direct systems for poplar 
transformation (Gaur et al. 2016), all subsequent stud-
ies were focused on indirect systems. Of course, the 
best choice of regeneration and transformation system 
depends on many factors and varies widely among spe-
cies. For example, a comparison of direct and indirect 
somatic embryogenesis for biolistic transformation of 
sugarcane cultivar CP 88–1762 found that the highest 
transformation efficiency was with the indirect proce-
dure (2.2 lines per shoot) but the most rapid production 
of transgenic plants was with the direct procedure (12 
wk from explant to plants in soil) (Taparia et al. 2012).

The large number of treatments and genotypes stud-
ied for three distinct explant types allowed us to exam-
ine their similarity in regeneration responses. Results 
showed that genetic covariation was stronger than 
treatment-induced environmental covariation, and that 
stems and petioles were most similar in their regenera-
tion responses, followed by leaves and petioles, and then 
stems and leaves. These results are likely to be explained 
by the similarity in function of stems and petioles, both 
primarily serving in vascular and support functions, and 
often having abundant vasculature-proximal cells capable 
of entering regeneration pathways upon induction treat-
ments (Atta et al. 2009; Ikeuchi et al. 2019).

The repeatability of genotypic responses to treatments 
over time was examined by investigating the statistical 
significance and consistency of relative performance 
during the multiple year periods when these experi-
ments were conducted. ANOVA showed that genotypes 
were usually a major and significant source of vari-
ance—demonstrating that their effects were generally 
consistent. However, it was also found that two- and 

Figure  7.  Mean correlation coefficients among Populus trichocarpa 
Torr. and Gray explant types. Correlations for measures of generation 
of callus (size, percent of explants with callus) and shoots (number, 
percent of explants with shoots) over experiments E2–E11, calculated 

from data where genotype results are first averaged (“averaged over 
genotypes”), or treatment results are averaged and genotype means 
plotted (“averaged over treatments”). Standard error shown above 
bars. Based on data in Supplementary Table S5.
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three-way interactions between genotype, treatment, and 
explant were large, showing that genotype responses 
were strongly conditioned by experiment (physiology 
of explants, specific media and hormone components, 
sterilization conditions) and developmental state (explant 
type). Residuals were also large, likely due to the high 
variation among individual explants within plates and the 
modest number of explants per plate employed (individual 
explant often responded differently than those directly 
adjacent). This variation was also expressed in our analy-
sis of rank changes, for which minor or major changes 
were seen in about half of our graphical analyses. Thus, 
although genotypes with varying levels of regenerability 
could readily be identified, their specific behaviors rela-
tive to other genotypes vary widely among experiments. 
This may also help to explain the common observation 
that genotypes and regeneration responses vary widely 
among laboratories even when trying to replicate pub-
lished experimental conditions (Monthony et al. 2021).

Conclusions

The experiments presented appear to be among the larg-
est and most extensive analysis of genetic variation for 
in vitro regenerative responses for any plant species. It 
allowed us to identify conditions that gave high genetic 
variance for GWAS studies, and will help others to 
develop conditions to improve regeneration and thus 
ultimately transformation, especially in dicot species 
with organogenic regeneration systems. The most highly 
regenerable genotypes that were identified in this study 
are as follows: SLMB28-1, SKWB24-2, SKWF24-5, 
CA-05–01, HOMB21-4, LILB26-5, CHWH27-2. They 
may be useful to others studying regeneration processes.

The heritability estimates, which vary widely in size 
among experiments, and the repeatability studies and 
graphic analyses, showed that while genotypes behaved 
with reasonable consistency even when studied at very 
different times, their behavior was also strongly affected 
by high interactions of genotype with explant and experi-
ment, and high explant-to-explant variation in response. 
Without seeds or inbred lines to standardize developmen-
tal state, this high variance will continue to be a major 
source of error for organogenic studies in highly heterozy-
gous, woody, and vegetatively propagated plant species.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11627- 022- 10302-8.
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