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Editorial on the Research Topic

Metabolic engineering of valuable compounds in photosynthetic organisms
Photosynthetic organisms, including plants and algae, possess a remarkable ability to

harness carbon dioxide and solar energy, enabling them to produce a vast array of complex

compounds such as phenolic acids (Zhou et al., 2021), terpenes (Miller et al., 2020), unsaturated

fatty acids (Kokabi et al., 2020; Gan et al., 2022), and other lipid products (Zienkiewicz and

Zienkiewicz, 2020). This inherent capability positions them as highly promising platforms for

the sustainable production of valuable biomolecules. While the industrial application of

photosynthetic organisms in synthetic biology is not as advanced as that of model

heterotrophs or mammalian systems, their significance as primary contributors to global

biomass can be further developed. In fact, they are increasingly emerging as key players in the

booming field of synthetic bioproducts, driven by advancements in genome editing tools and

other innovative technologies. As we explore and exploit the potential of photosynthetic

organisms, we open up exciting possibilities for the production of environmentally friendly and

renewable biomaterials that can address pressing societal and ecological challenges.

This Research Topic includes eight original research and two review articles, with a

special focus on the metabolic engineering of valuable biomaterials in plants and algae.

Taparia et al., developed modular CRISPR/Cas9 constructs for the model diatom

Phaeodactylum tricornutum that allow the multiplexed targeting and creation of marker-

free genome-edited lines. The system was used to knock out StLDP, the gene encoding

Stramenopile-type lipid droplet protein essential for lipid droplet biogenesis (Figure 1).

Mellor et al. expressed human P450s in tobacco chloroplasts to produce indican, suggesting a

strategy for producing high-value chemicals or drug metabolites in photosynthetic organisms

(Figure 1). Another research ariticle investigated the biosynthesis of isoprenoids in poplar,

and revealed that the 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) and 1-deoxy-D-
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xylulose5-phosphate reductoisomerase (DXR) play important roles

in regulating the genes in methylerythritol phosphate (MEP) and

mevalonic acid (MVA) pathways and isoprenoids made from the

MEP and MVA pathways (Figure 1) (Movahedi et al.). Li et al.

produced carotenoids in rice (Oryza sativa) endosperm by
Frontiers in Plant Science 0256
overexpressing rice GOLDEN2-LIKE (OsGLK) transcription factor

and OsGLK with three other carotenogenic genes, tHMG1 (truncated

Saccharomyces cerevisiae 3-hydroxy-3-methylglutaryl-CoA

reductase), ZmPSY1 (Zea mays L. phytoene synthase), and PaCrtI

(Pantoea ananatis phytoene desaturase), to improve the nutritional
A B

D

E
F
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C

FIGURE 1

Overview of the original research articles in this Synthetic Biology Research Topic. Asterisks indicate statistically significant differences, *p <0.05,
**p <0.01, ***p <0.001, ****p <0.0001
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composition of rice (Figure 1). Another research article in rice

developed models by multilevel mathematical modeling using the

data from rice lines with genome modification in MVA pathways,

providing tools that can help prioritize metabolic engineering

strategies for specific metabolic goals through exogenous pathways

(Figure 1) (Basallo et al.). In perennial herbs, Wang et al. identified

physiological/biochemical indicators, such as enzyme activities of

glutamine synthetase (GS), glutamate synthase (GLS), glutamate

dehydrogenase (GDH), peroxidase (POD), and catalase (CAT),

were related to biomass accumulation in Salvia miltiorrhiza

(Figure 1); Su et al. characterized the b-glucosidase in Platycodon

grandifloras, which can convert glycosylated platycoside E to

Platycodin D in vitro (Figure 1); Jin et al. identified an MYB

transcription factor OvMYBPA2 in Onobrychis viciifolia by

transcriptome analyses and confirmed its function in the regulation

of proanthocyanidins in transgenic Medicago sativa (Figure 1).

Strand and Walker reviewed bioengineering from an energetics

perspective using photosynthetic organisms for bioproducts of

interest (Figure 1). Another review article discussed the recent

progress in engineering fatty acids and storage lipids in various

plant species and tissues and summarized an inventory of specific

lipogenic factors for plant lipid products (Figure 1) (Cai et al.).
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Carbon(C) and nitrogen(N) metabolisms are important for plant growth and defense,

and enzymes play a major role in these two metabolisms. Current studies show

that the enzymes of N Metabolism, C Metabolism, and defense are correlated with

biomass. Then, we conducted this research under the assumption that enzymes

could characterize the relationship based on growth-defense tradeoff, and some of

the enzymes could be used to represent the plant growth. From the mechanism

model, we picked out 18 physiological/biochemical indicators and obtained the data

from 24 tissue culture seedlings of Salvia miltiorrhiza (S.miltiorrhiza) which were

grafted with 11 endophytic fungi. Then, the relationship between the biomass and

the physiological/biochemical indicators was investigated by using statistical analysis,

such as correlation analysis, variable screening, and regression analysis. The results

showed that many physiological/biochemical indicators, especially enzyme activities,

were related to biomass accumulation. Through a rigorous logical reasoning process, we

established a mathematical model of the biomass and 6 key physiological/biochemical

indicators, including glutamine synthetase (GS), glutamate synthase (GLS), glutamate

dehydrogenase (GDH), peroxidase (POD), catalase (CAT), and soluble protein from

Cobb-Douglas production function. This model had high prediction accuracy, and it could

simplify the measurement of biomass. During the artificial cultivation of S.miltiorrhiza,

we can monitor the biomass accumulation by scaling the key physiological/biochemical

indicators in the leaves. Interestingly, the coefficients of Lasso regression during our

analysis were consistent with the mechanism of growth-defense tradeoff. Perhaps, the

key physiological/biochemical indicators obtained in the statistical analysis are related to

the indicators affecting biomass accumulation in practice.

Keywords: enzyme activities, biomass, Salvia miltiorrhiza, mathematical model, growth-defense tradeoff
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1. INTRODUCTION

As is known, Carbon (C) and nitrogen(N) are the main elements
for the growth and defense of plants. Plants synthesize propane
on the one hand through photosynthesis, which leads to starch,
sucrose, and soluble sugars, and on the other hand they translate
inorganic N into amino acids from ammonification, which leads
to soluble proteins and are used for growth and defense in
a certain C:N ratio (Lea and Morot-Gaudry, 2001). At the
same time, plants consume the assimilated products of C/N
metabolism through defense under biotic and abiotic stresses.
Therefore, plants maintain a dynamic tradeoff between growth
and defense by optimizing resource allocation through C/N
metabolism and defense to enable plants to survive (Li et al.,
2019).

Current studies show that some key enzyme activities of
C/N metabolism have an available correlation with biomass
accumulation (Noor et al., 2010). The activities of defensive
enzymes show a significant correlation with adaptation to
environmental stresses (Haddidi et al., 2020). Thus, the activities
of sucrose phosphate synthase (SPS) and sucrose synthase
(SS) in leaves, as well as the content of chlorophyll, soluble
sugars, and starch are often used as important indicators to
characterize the status of the C metabolism (Moriguchi et al.,
1992; Verma et al., 2011). In N metabolism, nitrate reductase
(NR) and nitrite reductase (NiR) translate N intoNH+

4 , formulate
glutamate and glutamine through ammonia assimilation (Liang
et al., 2018; Salehin et al., 2019). Glutaminase (GLS), glutamine
synthetase (GS), glutamate synthase (GOGAT), and glutamate
dehydrogenase (GDH) can promote amino acid accumulation.
But with a large increase in the reduction of NH+

4 from NO−
3 ,

a sustained raising in GDH amination activity will inhibit GLS,
GS, and GOGAT activities. Thus, GLS, GS, and GOGAT have a
positive influence on biomass accumulation, while GDH has a
bidirectional effect on biomass accumulation (Liang et al., 2018;
Salehin et al., 2019; Gonzíalez-Moro et al., 2021; Wei et al.,
2021). Many soluble proteins are crucial components of enzymes.
They are involved in the physiological/biochemical metabolic
and are the key indicators of whether plants suffered from heavy
metal stress.

In the competition of biotic and abiotic stresses, the activities
of enzymes, such as GS, GDH, NR, GOGAT, NiR, and GLS, as
well as the soluble protein content, are considerable indicators
of the N metabolic (Salehin et al., 2019; Gonzíalez-Moro et al.,
2021; Wei et al., 2021). The enzymatic activities of superoxide
dismutase (SOD), peroxidase (POD), catalase(CAT), proline
(Pro), phenylalanine ammonialyase (PAL), and malondialdehyde
(MDA) are commonly used to characterize defense responses
(Jaafar et al., 2012; Farooq et al., 2020; Sarker and Oba, 2020;
Zaheer et al., 2020). The increase of the enzymes activities
such as SOD, POD, CAT, and Pro can significantly improve

Abbreviations: C, carbon; CAT, catalase; GDH, glutamate dehydrogenase; GLS,

glutaminase; GOGAT, glutamate synthase; GS, glutamine synthetase; MDA,

malondialdehyde; N, nitrogen; NiR, nitrite reductase; NR, nitrate reductase; PAL,

phenylalanine ammonialyase; PGA, 3- phosphoglyceric acid; POD, peroxidases;

Pro, proline; NADPH, reducing agent; S.miltiorrhiza, Salvia miltiorrhiza; SOD,

superoxide dismutase; SPS, synthase; SS, sucrose synthase.

plant growth, biomass, chlorophyll content, and gas exchange
properties (Sarker and Oba, 2020; Zaheer et al., 2020), while
PAL and MDA inhibit plant growth by reducing the activity of
antioxidant enzymes through oxidative stress (Jaafar et al., 2012;
Farooq et al., 2020). Although the relationship between C/N
metabolism and plant growth defense is obvious, there is still a
lack of systematic research.

Based on the principles of metabolism, in this study we
hypothesized that the correlation among the enzymes of C/N
metabolic and defense could characterize the growth-defense
tradeoff, and some of the enzymes could indicate the connection
between the biomass and the physiological/biochemical
indicators. Then, a mechanism model was established and 18
physiological/biochemical indicators were picked out (Figure 1).
Since S.miltiorrhiza is considerable for the treatment of coronary
heart disease and cerebrovascular disease (Su et al., 2015; Ma
et al., 2016; Wang et al., 2017; Li, 2018; Shi et al., 2019), this
study has practical significance to guide the production of
medicinal plants. We cultured 24 tissue culture seedlings of
Salvia miltiorrhiza (S.miltiorrhiza) which were grafted with 11
endophytic fungi. The 11 fungi are non-pathogenic and can
intervene in physiological metabolism so that we can obtain
data on different growth states. Through lasso screening variable
(Efron et al., 2004) and regression analysis of plant physiological
and biochemical indexes and biomass, the functional relationship
between S.miltiorrhiza biomass and physiological /biochemical
indexes was found. Thus, through the monitoring of relevant
indicators of S.miltiorrhiza, we can understand the growth status
of S.miltiorrhiza.

2. MATERIALS AND METHODS

2.1. Plant Materials
In this study, 24 tissue culture seedlings were inoculated from
11 strains of non-pathogenic endophytic fungi from 8 species of
S.miltiorrhiza which our group obtained in previous studies (Ya-
Li, 2018). The culture of tissue culture seedlings and endophytic
fungal inoculation were obtained by the method in Lan et al.
(2016) (daytime 25oC/nighttime 20oC, 14/10 h, light intensity
3,000 LX) where young leaves of S.miltiorrhiza were employed
as explants. The seedlings with 3–5 roots were transplanted into
artificial soil containing 50 ml of 1/2 MS medium, sealed with a
sealing film, and incubated in vertical light for 3 days (Hesheng,
2000), then a small piece of fungal cake was taken with a hole
punch and placed on the root of the seedlings in the culture
flask, and the root of S.miltiorrhiza was gently punctured with
a sterile needle. After 30 days of incubation, the plants were
removed and the biomass and related physiological indicators
were measured.

2.2. Determination of the Biomass
The S.miltiorrhiza seedlings were taken out and washed carefully
to remove impurities attached to the roots. After absorbing the
surface moisture with absorbent paper, weigh it and subtract the
weight of seedlings when transplanting to get the net biomass.
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FIGURE 1 | The path structure of biomass accumulation of S.miltiorrhiza. It shows the process of C/N metabolism and the role of the physiological/biochemical

indicators in biomass accumulation.

2.3. Determination of the
Physiological/Biochemical Indicators
The activities of SS, SPS, NR, GS, and GOGAT were determined
through enzyme solution prepared from young leaves of
S.miltiorrhiza (Deane-Drummonda et al., 1979; Islam et al., 1996;
Li, 2000; Zhao et al., 2003). The contents of reducing sugar and
soluble sugar were estimated by adopting 3,5-dinitrosalicylic acid
method and anthrone method, respectively (Zhang, 1990; Li,
2000; Gao, 2006). The soluble protein content was assessed with
the coomassie brilliant blue method (Elsharkawy et al., 2012).
Chlorophyll content was determined by spectrophotometry
(Strain and Svec, 1966). The activities of SOD, POD, CAT,
PAL, and MDA and Pro in S.miltiorrhiza leaves were measured
according to Zhu et al. (1983), Polle et al. (1994), and Gao (2006).

2.4. Statistical Analysis
2.4.1. Correlation Analysis
Because of the large difference in unit and quantity, the
physiological/biochemical indicators were standardized by the
following function:

x′ij =
xij − xj

sj
, (1)

where xij was the value of the jth physiological/biochemical
indicator of the ith plant of S.miltiorrhiza, xj denoted the average
of jth indicator, and sj denoted the SD of the jth indicator.

The correlation analysis between the
physiological/biochemical indicators of S.miltiorrhiza and
the biomass included linear correlation analysis and nonlinear
correlation analysis, so the correlation coefficient matrix
analysis was chosen to be used. It included three aspects:
(1) analysis of the variation between the biomass and the
physiological/biochemical indicators; (2) linear correlation
between the biomass and the physiological/biochemical
indicators; and (3) analysis of the nonlinear relationship between
the biomass and the physiological/biochemical indicators.

2.4.2. Systematic Analysis Based on Lasso Algorithm
According to the mechanism analysis, we tried to find the
physiological/biochemical indicators related to the biomass
accumulation of S.miltiorrhiza, so there would be duplication or
the introduction of irrelevant factors. However, there aremultiple
covariates among various physiological/biochemical indicators,
in which case least squares and partial least squares work poorly.
In order to select a concise set of physiological/biochemical
indicators to effectively predict biomass and improve the
prediction accuracy of the model (Efron et al., 2004), Lasso
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regression was introduced for variable screening. The regression
function was as follow:

yi =

p∑

j=1

βjx
′
ij + εi, (i = 1, 2, ..., n), (2)

where x′ij denoted the jth physiological/biochemical indicator of

the ith sample, yi denoted the biomass of S.miltiorrhiza of the ith
sample, and p denoted the number of physiological/biochemical
indicators screened.

Because Xi = (xi1, . . . , xip)
T , (i = 1, 2, ..., p) were

multicollinearity, the Lasso method was used to filter variables.
The Lasso constructed a penalty function to obtain amore refined
model, which made it compress some regression coefficients.
Here, l1-penalty function was used for regularization estimation
parameter as in Efron et al. (2004), defined as

β̂(λ) = argmin
1

N
||Y − Xβ||2 + λ

∑

j

|βj|, (3)

where N denoted the number of samples, Y = (y1, y2, ..., yN)
T

denoted the biomass, X = (X1,X2, ...,XN)
T denoted the

physiological/biochemical indicators, β denoted the regression
coefficient, and λ ≥ 0 denoted the penalty parameter.

2.4.3. Nonlinear Regression Analysis Based on

Cobb-Douglas Production Function
Based on the characteristics of important variables screened
by Lasso, nonlinear regression analysis was utilized since
correlations and interactions between variables still existed.
Assuming that y denotes biomass, Ai(i = 1, 2, · · · n) denotes
factors with positive influence coefficients, and βj(j = 1, 2, · · ·m)
denotes factors with negative influence coefficients, similar to the
Cobb-Douglas productionmodel in Carter (2012), themodels for
the biomass and the physiological/biochemical indicators were
established as follows:

Y = H ·
Aa1
1 Aa2

2 · · ·A
an
n

Bb11 Bb22 · · ·B
bm
n

, (4)

WhereH, a1, a2, · · · , an, b1, b2, · · · , bm denoted parameters to be
determined by the Equation (4). Then took common logarithms
on both sides of the Equation (4) at the same time, that was

lnY = lnH + a1 lnA1 + a2 lnA2 + · · · + an lnAn − b1 lnB1

−b2 lnB2 − · · · − bm lnBm.

(5)

The Equation (4) was transformed into a linear regression,
from which the initial values of the nonlinear regression
parameters could be obtained from the Equation (5). Then, the
solution of Equation (4) could be optimized by performing a
nonlinear regression.

2.4.4. Data Analysis Environment
All the data were analyzed in R4.0.3 + Rstudio (Chang, 2013;
Lantz, 2013). glmnet() was used for filtering variables in Lasso,
ls()/nls() was used for linear/nonlinear regression analysis, and
ggplot() was used for graph plotting.

3. RESULTS

3.1. Experimental Results and Data
To analyze the relationship between the biomass and
the physiological/biochemical indicators, 24 samples of
S.miltiorrhiza were collected according to the methods described
in 2.1 ∼ 2.3, and the data of the 18 physiological/biochemical
indicators such as chlorophyll, SS, SPS, soluble sugar, and the
values of corresponding biomass were displayed in Table 1.

3.2. Descriptive Statistical Analysis of the
Biomass and the
Physiological/Biochemical Indicators
We defined biomass as the dependent variable(y) and
chlorophyll(x1), SS(x2), SPS(x3), soluble sugar(x4), starch(x5),
GOGAT(x6), GS(x7), NR(x8), NiR(x9), GLS(x10), GDH(x11),
soluble protein(x12), POD(x13), SOD(x14), CAT(x15), Pro(x16),
PAL(x17), and MDA(x18) as independent variables. To eliminate
the difference in magnitude between variables, the criteria
were standardized by using Equation (1) and then other
corresponding analyses were performed.

3.2.1. Differences in Some Physiological/Biochemical

Indicators and Lack of Consensus in the Biomass

Accumulation
Some physiological/biochemical indicators were influenced by
individual plants, especially SS(x2) and GOGAT(x6) were very
different (Figure 2). It indicated that they lacked consensus
in the biomass accumulation of S.miltiorrhiza and there was
uncertainty among indicators.

3.2.2. Many Physiological/Biochemical Indicators

Have a Linear (or Nonlinear) Correlation With the

Biomass
From the result of correlation analysis, we can see there was
a positive correlation of the biomass(y) with chlorophyll(x1)
and CAT(x15) (Figure 3), and a negative correlation with
GLS(x10) and POD(x13). Considering the relationship between
the physiological/biochemical indicators, chlorophyll(x1),
NR(x8), and CAT(x15) were positively correlated, while
chlorophyll(x1) was negatively correlated with SPS(x3),
NiR(x9), and POD(x13). SPS(x3) was positively correlated
with CAT(x15), while SPS(x3) was negatively correlated with
NiR(x9), GLS(x10) and POD(x13). Similarly, these results
indicated that linear correlations existed between the biomass
and the physiological/biochemical indicators.

There was a certain nonlinear relationship (Figure 4) between
the biomass and the physiological/biochemical indicators. For
instance, there was a nonlinear relationship between the
biomass(y), and NiR(x9), and soluble protein(x12). Thereby,
biomass could not be expressed by a single enzyme activity or
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TABLE 1 | Biomass and physiological/biochemical indicators of S. miltiorrhiza.

No Biomass Chlorophyll SS SPS Soluble sugar Starch GOGAT GS NR NIR GLS GDH Soluble POD SOD CAT PRO PAL MDA

1 1.04 187.38 100.24 94.18 173.60 231.12 48.89 149.78 26.73 62.88 141.30 46.08 10.79 102.40 21.51 553.86 82.61 100.92 227.21

2 1.41 152.56 58.98 110.35 82.81 227.04 56.84 72.18 20.70 83.66 70.04 34.29 7.37 103.87 16.21 403.92 45.96 93.84 238.91

3 1.39 202.88 47.25 120.05 63.48 192.40 296.44 258.31 18.37 44.65 86.70 73.73 13.05 79.33 18.25 504.90 60.10 169.62 263.68

4 0.98 160.17 82.81 102.36 158.63 196.75 79.82 112.13 39.66 62.61 72.69 66.87 13.42 203.47 26.87 621.18 91.93 152.38 204.85

5 2.03 174.68 88.90 118.91 132.40 289.19 70.97 152.65 28.93 80.51 81.09 100.09 7.45 128.40 19.29 605.88 67.29 203.37 256.28

6 1.32 214.34 40.92 139.27 148.14 249.62 102.82 71.57 37.03 85.81 102.21 61.51 8.31 110.80 19.83 563.04 88.23 103.19 235.12

7 2.25 160.84 78.52 148.21 86.62 221.64 91.91 178.59 19.16 58.31 110.54 36.22 10.51 88.80 20.83 615.06 40.77 134.70 176.13

8 1.19 166.41 100.29 152.40 161.93 182.49 105.90 71.67 34.65 68.46 121.30 26.58 10.68 98.67 25.88 553.86 61.72 172.85 257.14

9 1.23 203.04 170.71 130.52 66.56 239.29 64.09 50.11 16.64 88.85 112.71 16.93 8.62 96.67 17.38 584.46 43.71 131.07 184.38

10 1.07 214.27 33.39 145.55 140.28 233.01 43.08 58.01 35.07 65.61 144.62 38.15 11.88 127.87 24.34 434.52 68.36 208.06 240.46

11 0.94 191.76 88.23 87.52 116.16 238.10 29.62 48.53 29.04 90.13 140.57 13.93 8.29 114.40 16.33 511.02 63.05 135.70 232.54

12 1.25 160.38 22.77 94.75 57.85 198.83 35.11 39.05 14.46 62.62 101.60 24.65 12.20 96.40 26.20 593.64 64.38 121.54 310.63

13 0.48 116.58 90.26 355.59 162.98 247.04 125.73 101.31 20.37 90.47 194.85 20.58 8.64 248.11 18.44 241.74 53.38 105.26 221.54

14 1.06 103.47 120.38 770.74 203.46 333.85 201.82 82.14 25.43 105.50 215.34 42.65 8.00 246.11 25.22 91.80 52.60 124.82 248.37

15 0.86 130.59 155.42 614.54 128.79 257.06 212.45 78.38 16.10 87.80 253.22 75.66 8.84 252.37 19.20 192.78 67.72 157.39 328.52

16 0.54 89.78 88.48 882.80 98.80 249.39 39.91 66.06 12.35 89.51 173.20 19.29 8.84 169.71 23.68 250.92 36.53 153.42 181.46

17 0.65 110.24 93.60 977.17 82.86 237.87 35.75 60.58 10.36 99.08 174.48 52.08 7.73 168.64 22.43 293.76 34.67 145.00 301.86

18 0.65 132.35 80.32 243.15 96.08 277.75 83.20 52.02 12.01 89.12 300.71 44.37 11.91 163.84 25.88 250.92 47.79 225.36 312.70

19 0.86 98.60 80.11 502.85 72.80 261.91 83.31 128.01 9.10 89.34 208.74 28.08 11.85 167.17 20.42 302.94 57.02 94.13 202.96

20 0.77 92.34 131.02 203.58 134.67 275.86 64.34 117.74 16.83 93.30 148.66 29.58 9.39 166.24 20.02 149.94 61.75 117.86 193.50

21 0.66 127.12 101.46 248.29 74.47 268.69 72.29 70.85 9.31 70.70 80.47 31.29 10.11 164.91 18.39 272.34 43.36 168.17 347.96

22 0.98 152.86 135.44 567.16 151.44 305.34 270.98 109.18 18.93 90.69 145.72 95.38 9.61 170.24 36.83 122.40 77.40 140.63 236.84

23 1.19 140.67 160.92 305.18 212.24 301.72 306.41 163.26 26.53 93.62 151.27 65.37 7.85 166.51 37.67 198.90 64.15 110.90 170.11

24 0.81 82.39 94.16 192.73 90.83 237.21 51.44 62.29 11.35 101.33 105.87 29.36 7.73 167.04 22.45 281.52 49.63 133.27 408.67

In this table biomass, chlorophyll, SS, SPS, soluble sugar, starch, glutamate synthase (GOGAT), glutamine synthetase (GS), nitrate reductase (NR), nitrite reductase (NIR), glutaminase (GLS), glutamate dehydrogenase, soluble, peroxidases

(POD), superoxide dismutase (SOD), catalase (CAT), proline (PRO), phenylalanine ammonialyase (PAL), malondialdehyde (MDA) are separately measured as (g), (mg· g−1 · FW), (mol· min−1 · g−1 · FW), (mol· min−1 · g−1 · FW), (U· g−1

· FW), (g· g−1 · FW), (U· g−1 · FW), (nmol· min−1 · g−1 · FW), (mol· h−1 · g−1 · FW), (mol· min−1 · g−1 · FW), (mol· h−1 · g−1 · FW), (nmol· min−1 · g−1 · FW), protein(g· ml−1), (U· g−1 · h· FW), (U· g−1 · h· FW), (nmol· min−1 · g−1 · FW),

(U· g−1 · FW), (U· mg−1 · h), and (nmol· g−1 · FW), respectively.
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FIGURE 2 | The box line diagram of the physiological/biochemical indicators. The blue curve is the regression curve, the shaded part indicates the confidence interval,

and the larger the shaded area the worse the regression effect of the curve. It shows that some physiological/biochemical indicators lack consensus in the biomass

accumulation of S.miltiorrhiza.

FIGURE 3 | Correlations between the biomass and the physiological/biochemical indicators of S.miltiorrhiza biomass. The blue rectangles represent a positive

correlation, the red rectangles represent a negative correlation. The area of the circle represents the degree of correlation. According to correlograms shown in this

figure, there were correlations among the biomass and the physiological/biochemical indicators.

physiological/biochemical indicator, but by a combination of

some effective physiological/biochemical indicators (Figures 3,

4). Therefore, it was necessary to systematically analyze the

relationship between the physiological/biochemical indicators

and the biomass.

3.3. Some Physiological/Biochemical
Indicators Play a Major Role in the
Biomass Accumulation
We used the glmnet() of the R software to calculate the Lasso
model (parameters set to default values) and optimized themodel
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FIGURE 4 | The scatter and regression curves of the biomass and the physiological/biochemical indicators of S.miltiorrhiza. The horizontal axis of xi , is the

physiological/biochemical indicator of i and the vertical axis is y, which is the biomass of S.miltiorrhiza. The blue curve is the regression curve, the shaded part

indicates the confidence interval, and the larger the shaded area indicates the worse regression effect of the curve.

and function by cv.glmnet() to obtain the results shown in
Figure 5 and Table 2.

The results showed that GS(x7), GDH(x11), and

CAT(x15) were positively correlated with biomass and

acted as promoters when the whole system was considered.
GLS(x10), POD(x15), and soluble protein(x13) were
negatively correlated with biomass accumulation and acted
as inhibitors.

3.4. Some Key Physiological/Biochemical
Indicators Are Able to Express the
Biomass Well
A nonlinear regression analysis was performed by using the
Douglas production model with the influencing factors of
GS(x15), GLS(x15), GDH(x15), soluble protein(x15), POD(x15),
and CAT(x15), and biomass. Took 5/6 of the data as the training
set and 1/6 as the verification set, repeated the training 1,000
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FIGURE 5 | Lasso regression analysis number of iterations vs. mean square error. It shows that the optimal λ value is obtained in 5th step.

times, and selected the regression equation with the smallest
verification set error. The model was as follows:

Y = 5.05853×
x0.247377 x0.0902611 x0.2263115

x0.1477610 x0.6402112 x0.4438113

. (6)

The predicted values of biomass could be obtained fromEquation
(6) and the results were shown in Table 2. The test showed that
the prediction effect of the model was good (Tables 3, 4). It
showed that the regression equation was relatively successful and
was able to predict the corresponding the biomass from the 6
important physiological/biochemical indicators.

4. DISCUSSION

Carbon/nitrogen metabolism are critical in growth and defense
(Li et al., 2019). Adequate management of the plant in C/N
metabolism and growth defense have a significant impact on crop
productivity. In this study, we constructed a growth mechanism
model by S.miltiorrhiza and picked out the relationship
between the 18 physiological/biochemical indicators and the C/N
metabolism, with the aim of finding important metabolic traits as
an indication of the biomass (Table 2).

The variability of the physiological/biochemical indicators
was analyzed by box-line plots (Figure 2), and it was observed
that some indicators showed no consensus. That was, some
physiological/biochemical indicators were greatly affected by
individuals. In particular, SS(x2) and GOGAT(x6) were more
discrete. SS(x2) was an important enzyme catalyzing sucrose
synthesis in plants, and sucrose was broken down into soluble
sugars for drought resistance in plants on the one hand, and
synthesized biomass with soluble proteins on the other hand,
making SS showed uncertainty on the biomass (Kaur et al.,
2006; Zhang et al., 2018). Similarly, GOGAT(x6) consuming

amino acids used by plants for the biomass accumulation during
growth defense, formed aspartic acid, which was used for plant
drought resistance under the action of Pro and producing
glutamate, soluble protein, which leads to biomass accumulation.
The uncertainty of the two conversion pathways, SS(x2), and
GOGAT(x6), prevents them from being used as important
indicators for characterizing the biomass (Wei et al., 2021).

There were linear(or nonlinear) correlations between the
biomass and the physiological/biochemical indicators (Figures 2,
3), indicating interdependence in the growth-defense tradeoff
of plants. For example, there was a positive correlation
between biomass(y) and chlorophyll(x1)/CAT(x15), indicating
that chlorophyll was the main substance for photosynthesis
in plants, and it played an important role in C metabolism
(Luo, 2018). Although CAT(x15) was mainly used in the
defense, it reduced the toxicity of H2O2 (Abogadallah, 2010;
Sarker and Oba, 2020), and maintained normal growth and
defense. The biomass was negatively correlated with some
physiological/biochemical indicators, such as GLS(x6) promoting
amino acid accumulation, and POD(x13) depleting C and
N assimilation products, affecting the biomass accumulation.
POD(x13) reduces H2O2 and converts carbohydrates to lignin,
improving the physical defense barrier and depleting assimilates
required for growth. Considering the relationship between the
physiological/biochemical indicators, chlorophyll(x1), NR(x15),
and CAT(x15) were positively correlated, while chlorophyll(x15)
was negatively correlated with SPS(x3), NiR(x9), and POD(x13)
(Figure 3). On the one hand, chlorophyll is used by plants for
photosynthesis to convert CO2 in the air into C required by
plants, and on the other hand, about 90% of N in plants, coming
from biological N fixation, is reduced from nitrate to nitrite
in soil by NR. Plant cells can rapidly transfer nitrite produced
by nitrate reduction from the stroma to the chloroplasts of
leaf cells or the plastids of root cells and are reduced in the
chloroplasts by NiR to ammonia, while the potential toxicity of
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TABLE 2 | Nonzero regression coefficient of Lasso.

x7 x10 x11 x12 x13 x15

1.385218e-03 –1.205714e-05 1.999661e-03 –4.228444e-03 –1.422853e-03 7.330554e-04

TABLE 3 | The results of the training set of the biomass and the key physiological/biochemical indicators.

x7 x10 x11 x12 x13 x15 y hat_y absolute_error

48.53 140.57 13.93 8.29 114.4 511.02 0.94 1.043 0.103

62.29 105.87 29.36 7.73 167.04 281.52 0.81 0.956 0.146

71.67 121.3 26.58 10.68 98.67 553.86 1.19 1.151 −0.039

82.14 215.34 42.65 8 246.11 91.8 1.06 0.609 −0.451

112.13 72.69 66.87 13.42 203.47 621.18 0.98 0.969 −0.011

258.31 86.7 73.73 13.05 79.33 504.9 1.39 1.728 0.338

101.31 194.85 20.58 8.64 248.11 241.74 0.48 0.72 0.24

117.74 148.66 29.58 9.39 166.24 149.94 0.77 0.817 0.047

71.57 102.21 61.51 8.31 110.8 563.04 1.32 1.425 0.105

178.59 110.54 36.22 10.51 88.8 615.06 2.25 1.63 −0.62

50.11 112.71 16.93 8.62 96.67 584.46 1.23 1.198 −0.032

152.65 81.09 100.09 7.45 128.4 605.88 2.03 1.898 −0.132

60.58 174.48 52.08 7.73 168.64 293.76 0.65 0.934 0.284

128.01 208.74 28.08 11.85 167.17 302.94 0.86 0.796 −0.064

72.18 70.04 34.29 7.37 103.87 403.92 1.41 1.476 0.066

66.06 173.2 19.29 8.84 169.71 250.92 0.54 0.771 0.231

39.05 101.6 24.65 12.2 96.4 593.64 1.25 0.952 −0.298

109.18 145.72 95.38 9.61 170.24 122.4 0.98 0.832 −0.148

149.78 141.3 46.08 10.79 102.4 553.86 1.04 1.387 0.347

78.38 253.22 75.66 8.84 252.37 192.78 0.86 0.68 −0.18

TABLE 4 | The results of the validation set of the biomass and the key physiological/biochemical indicators.

x7 x10 x11 x12 x13 x15 y hat_y absolute_error

58.01 144.62 38.15 11.88 127.87 434.52 1.07 0.866 −0.204

52.02 300.71 44.37 11.91 163.84 250.92 0.65 0.606 −0.044

70.85 80.47 31.29 10.11 164.91 272.34 0.66 0.869 0.209

163.26 151.27 65.37 7.85 166.51 198.9 1.19 1.134 −0.056

nitrite is broken down by CAT(x15). Chlorophyll(x1), NR(x8),
NiR(x9), and CAT(x15) collaborate with each other in C/N
metabolism as well as in the growth-defenses tradeoff (Zhou
et al., 2021). SPS(x3) and SS(x2) are both important enzymes for
catalyzing sucrose synthesis in plants, however, SPS exhibiting
different characteristics from sucrose SPS SS(x2) was positively
correlated with CAT(x15), indicating that it promoted the
biomass accumulation (Figure 3). While SPS was negatively
correlated with NiR(x9), GLS(x10), and POD(x13)(Figure 3).
It showed inhibition of biomass accumulation, but NiR(x15)
reduced nitrate in soil and then synthesized NH+

4 for the biomass
formation, and GLS(x10) formed NH+

4 into amino acids, which
were against the previous analysis. All of these analyses indicated
that biomass accumulation was a relatively complex process
that required systematic analysis of the physiological/biochemical
indicators affecting the biomass accumulation.

By Lasso analysis (Figure 5 and Table 2), GS(x7) and
GDH(x11) were positively correlated with biomass (Table 3),
indicating that GS(x7) and GDH(x11) were the main substrate in
the seedling stage facilitate protein synthesis with amino acids
and were conducive to coordinate C metabolism (Kaur et al.,
2006), which was consistent with the rapid assimilation of N in
early growth and laid the foundation for high rate C assimilation
in later growth stages (Salehin et al., 2019; Gonzíalez-Moro et al.,
2021; Wei et al., 2021). GS(x7) was responsible for primary
NH+

4 assimilation as well as germination, and elevating of
GS(x7) in leaves contributed to the conversion of inorganic
NH+

4 to organic N (Lea and Morot-Gaudry, 2001). There was
a positive correlation between GDH(x11) and total amino acid
content in the root system (Gonzíalez-Moro et al., 2021). When
GDH(x11) was sufficiently induced in leaves, it would indicated
substrate specificity in plants with other enzymes. Although
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GLS facilitated amino acid accumulation, it was negatively
correlated with the biomass (Table 3), possibly due to the lack
of sufficient reducing agent(NADPH) or the unavailability of
reducing agent(NADPH), making it possible that NH+

3 might
not attack the ketone group, leading to its release into the
environment (Yoneyama et al., 2015). Soluble proteins were
negatively correlated with biomass (Table 3), indicating that
soluble proteins would consume amino acids used for biomass
accumulation. POD was negatively correlated with biomass
(Table 3), indicating that glutamate synthesis, as well as the
synthesis of metabolic enzymes represented by POD, consumed
N and C assimilation products, thus affecting the biomass
accumulation. POD reduced H2O2 and converted carbohydrates
to lignin, improving the physical defense barrier and depleting
assimilates required for growth. However, despite its synthesis
of N and C assimilation products, CAT(x15) specifically reduced
the toxicity of H2O2 (Abogadallah, 2010; Sarker and Oba,
2020), maintained cell membrane stability, and promoted growth
and defense. Meanwhile, it was a positive correlation between
CAT(x15) and biomass(y) (Table 3).

The relationship between the physiological/biochemical
indicators in the biomass accumulation mechanism model was
consistent with the results of the Lasso model analysis. Our
analysis not only illustrated that the biomass accumulation was
related to some key physiological/biochemical indicators, but also
the characteristics of these enzymes were the same as those of
Lasso analysis. For example, GS(x7) and GDH(x10), which had
positive coefficients in the Lasso model, were also present in the
routes of C/N metabolism to promote biomass accumulation,
and GLS(x11) and POD(x13), which had negative coefficients
in the Lasso model, were also present in the routes of defense
to consume the C and N and affect the biomass accumulation
(Lea andMorot-Gaudry, 2001). Furthermore, although CAT(x15)
consumed C and N on the defense route, its negative synergistic
effect with POD(x13), or competition for substrates, could
explain this phenomenon. Thereby, perhaps increasing GS(x7),
GDH(x10), and CAT(x15) activities, or decreasing GLS(x11) and
POD(x13) activities, would be beneficial to promote biomass
accumulation of S.miltiorrhiza .

Finally, we established a functional equation between the 6
key physiological/biochemical indicators and the biomass based
on the Cobb-Douglas economic model. Although Cobb-Douglas
economic model is an economic mathematical model used to
predict the production of national and regional industrial systems
or large enterprises and analyze the ways to develop production,
this study skillfully uses it to establish the relationship between
physiological/biochemical indicators and biomass. Interestingly,
the correlation between the physiological/biochemical indicators
and the biomass in this equation was the same as that obtained

by Lasso regression. That is GS(x7), GDH(x11), and CAT(x15)
were positively correlated with the biomass, and GLS(x10 ),
POD(x12), and soluble protein(x13) were negatively correlated
with biomass accumulation. The biomass predicted from the
physiological/biochemical indicators of this equation had less
error. In the artificial cultivation of S.miltiorrhiza, only the values
of the key physiological/biochemical indicators of the above-
ground parts are needed to obtain the corresponding biomass.

5. CONCLUSION

This study provides a rigorous logical reasoning process in terms
of the selection of factors affecting biomass accumulation, the
screening of key factors, and the establishment and validation
of regression models. The method is applicable not only to
metabolic engineering but also to phenomena with similar
mechanistic features, such as the relationship between the
activities and soil environment, and the self-organization of
microbial communities. In addition, the generalized application
of Lasso regression and the Cobb-Douglas production model
used in this study provides a powerful tool for a comprehensive
and systematic study of growth and active ingredient synthesis.
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Multiplexed Genome Editing via an 
RNA Polymerase II Promoter-Driven 
sgRNA Array in the Diatom 
Phaeodactylum tricornutum: Insights 
Into the Role of StLDP
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CRISPR/Cas9-mediated genome editing has been demonstrated in the model diatom P. 
tricornutum, yet the currently available genetic tools do not combine the various 
advantageous features into a single, easy-to-assemble, modular construct that would 
allow the multiplexed targeting and creation of marker-free genome-edited lines. In this 
report, we describe the construction of the first modular two-component transcriptional 
unit system expressing SpCas9 from a diatom episome, assembled using the Universal 
Loop plasmid kit for Golden Gate assembly. We compared the editing efficiency of two 
constructs with orthogonal promoter-terminator combinations targeting the StLDP gene, 
encoding the major lipid droplet protein of P. tricornutum. Multiplexed targeting of the 
StLDP gene was confirmed via PCR screening, and lines with homozygous deletions 
were isolated from primary exconjugants. An editing efficiency ranging from 6.7 to 13.8% 
was observed in the better performing construct. Selected gene-edited lines displayed 
growth impairment, altered morphology, and the formation of lipid droplets during nutrient-
replete growth. Under nitrogen deprivation, oversized lipid droplets were observed; the 
recovery of cell proliferation and degradation of lipid droplets were impaired after nitrogen 
replenishment. The results are consistent with the key role played by StLDP in the regulation 
of lipid droplet size and lipid homeostasis.

Keywords: multiplexed genome editing, CRISPR, lipid droplet, Stramenopile-type lipid droplet protein, 
two-component transcriptional unit, RNA polymerase II promoter, Phaeodactylum tricornutum

INTRODUCTION

Diatoms are found in diverse environments, from polar to tropical, in both marine and freshwater 
bodies, in aquatic and soil ecosystems. Nearly 20,000 species are estimated to currently exist, 
with about 12,000 extant species documented in the scientific literature (Guiry, 2012). In 
ecosystems with high nutrient availability, diatoms rapidly multiply, followed by a collapse in 
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population, displaying typical “boom and bust” cycles. Due to 
their variety and vast numbers, diatoms are major contributors 
to the ocean’s carbon, nitrogen, and silicon cycles (Benoiston 
et al., 2017). Within the marine environment, diatoms constitute 
a significant portion of phytoplankton, with estimated primary 
productivity of 45%, and they contribute nearly 20–40% of 
the global oxygen production. This success and dominance in 
several environments may be  ascribed to their widespread 
horizontal gene transfer (Vancaester et  al., 2020) and their 
distinct evolutionary origin from red algal secondary 
endosymbiosis (Armbrust, 2009).

To date, the study of diatom molecular physiology has been 
dominated by Phaeodactylum tricornutum, having a fully sequenced 
and annotated genome (Bowler et  al., 2008) and a growing 
genetic manipulation toolkit (Apt et  al., 1996; Zaslavskaia et  al., 
2000; Karas et  al., 2015; Diner et  al., 2016; Bielinski et  al., 2017; 
Serif et  al., 2017; Buck et  al., 2018; Taparia et  al., 2019; Pollak 
et al., 2020). Moreover, P. tricornutum has been used for developing 
several biotechnological products via either heterologous expression 
(Hempel et  al., 2011) or the introduction of entire biosynthetic 
pathways using synthetic biology tools. Likewise, P. tricornutum 
has been engineered to produce high-value compounds, such 
as terpenoids (D’Adamo et  al., 2018; Fabris et  al., 2020) and 
vanillin (Slattery et al., 2018). P. tricornutum is a model oleaginous 
diatom whose lipid biosynthesis pathways have been intensively 
investigated. It has been commercially exploited as a source of 
high-value carotenoids (fucoxanthin) and omega-3 long-chain 
polyunsaturated fatty acids (LC-PUFA) and other lipids (Falciatore 
et al., 2020). A large number of genes implicated in the LC-PUFA 
biosynthesis and storage lipid metabolism have been characterized 
(Domergue et  al., 2005; Hamilton et  al., 2015; Haslam et  al., 
2020), to list a few.

Abiotic stress, such as nutrient deprivation (of nitrogen or 
phosphorus), triggers the accumulation of storage lipids (Sayanova 
et  al., 2017) in the subcellular organelles, referred to as lipid 
droplets (LDs). The LD core of P. tricornutum is enriched in 
triacylglycerols (TAG) and enclosed by a monolayer of specific 
membrane lipids (Lupette et  al., 2019). Considering the 
significance of LD-associated proteins in maintaining LD stability, 
lipid metabolism, and multifaceted interactions with other 
cellular compartments, proteomic analyses of isolated LDs have 
been reported in several studies, with the identification of the 
bona fide LD proteins in P. tricornutum and a few more 
oleaginous diatoms (Yoneda et  al., 2016; Lupette et  al., 2019; 
Leyland et al., 2020b). The structural integrity of LDs is deemed 
to be  provided by proteins localized to or associated with the 
surface of LDs or embedded in the monolayer. However, the 
functional role of LD proteins in diatoms is yet to be established. 
One of the most abundant LD proteins, termed as a Stramenopile-
type lipid droplet protein (StLDP; Phatr3_J48859), consistently 
appears in most of the proteomics studies of isolated LDs 
(Yoneda et al., 2016; Lupette et al., 2019; Leyland et al., 2020b). 
The amino acid sequence of StLDP features a central hydrophobic 
domain with conserved proline residues, which is assumed to 
assist in LD association. GFP-tagged StLDP localizes to LDs 
in N-deprived P. tricornutum (Shemesh, 2015; Yoneda et  al., 
2018). The overexpression of StLDP caused an increase in 

neutral lipid production under nitrogen (N) deprivation (Yoneda 
et  al., 2018). Further study of StLDP function is warranted 
to address its possible role in LD metabolism and lipid 
homeostasis. However, successful metabolic engineering and 
functional characterization of candidate genes require efficient 
genome editing.

Initially, genome editing in P. tricornutum was successfully 
demonstrated via TALEN (Serif et  al., 2017) and followed by 
CRISPR/Cas9 (Nymark et  al., 2016). CRISPR/Cas9-mediated 
genome editing is a simple and versatile tool for creating 
targeted genome modifications and, as a result, has rapidly 
been adopted for several eukaryotic and prokaryotic species. 
CRISPR/Cas9 technology is especially valuable for asexual 
species, such as the model diatom P. tricornutum, for which 
some of the tools used in forward or reverse genetics cannot 
be  applied. Moreover, RNAi for gene expression knock-down 
is known to be  unstable in this diatom (Bielinski et  al., 2017). 
The discovery of E. coli-mediated conjugation for the delivery 
of non-integrating extrachromosomal DNA (diatom episome) 
to the nucleus of P. tricornutum (Karas et  al., 2015; Diner 
et  al., 2016) presented an ideal system for delivering CRISPR/
Cas9 for genome editing (Sharma et  al., 2018; Slattery et  al., 
2018; Moosburner et  al., 2020) without its integration into 
the nuclear genome. RNP-mediated multiplexed genome editing 
has also been reported in P. tricornutum (Serif et  al., 2018). 
However, in addition to desired genome editing, this system 
requires the creation of auxotrophs as counterselection markers 
that require maintenance on media with special supplements. 
Moreover, most of these reports utilize special equipment for 
the delivery of gene editing constructs (biolistic gene gun) 
and expensive screening methods for identifying the resulting 
genome-editing events (RT-PCR for HRM assay or T7EI assay).

Recently, an episomal multiplexed CRISPR/Cas9 system was 
shown to use SpCas9 transcriptionally coupled with ShBle 
(selectable marker) to ensure the survival of only those exconjugants 
that expressed SpCas9 (Moosburner et  al., 2020). Inspired by 
the successful report of SpCas9 transcriptionally coupled to the 
selectable marker, we  further improved the system to allow 
modular assembly and the expression of an sgRNA array from 
an RNA polymerase II promoter (Mikami et  al., 2017; Wang 
et  al., 2018) to episomally express a multiplexed CRISPR/Cas9 
system capable of creating genomic lesions that can be  detected 
by a simple colony PCR. In this report, we demonstrate multiplexed 
targeting of the Stramenopile-type lipid droplet protein (StLDP; 
Yoneda et  al., 2016) gene, leading to a large genomic lesion. 
Further, we  were able to isolate the homozygous deletion lines 
of the StLDP gene for assessing the effect on phenotypes and 
traits related to LD biogenesis.

MATERIALS AND METHODS

Media Preparation and P. tricornutum 
Culture
P. tricornutum CCAP1055/1 (Pt 1) cultures were routinely diluted 
in a 1 × RSE medium for maintenance in an exponential growth 
phase (Leyland et al., 2020b). P. tricornutum were cultured on 
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¼ × RSE + 1% agar +5% LB as the pre-conjugative and conjugation 
culture medium following the protocol described in (Diner 
et  al. (2016).

Assembly of Level-1 Transcriptional Units 
and the Level-2 Diatom Episome
In the following Level-1-2 and Level-1-3 transcriptional units 
described, promoter-49202 + terminator-49202 and promoter-
H4-1b + terminator FcpA combinations were constantly maintained, 
and these promoter-terminator combinations occurred orthogonally 
when assembled in a Level-2 diatom episome multiplexed CRISPR/
Cas9 vector. Level-1 and Level-2 constructs were assembled using 
Golden Gate assembly reactions, as described in Pollak et  al. 
(2019), using a pCA uLoop plasmid kit.

A Level-1_2 sgRNA array expression cassette was assembled 
using pL0-AC-Pr49202 or pL0-AC-PrH4-1b + pL0-HH-Ribozyme 
+ sgRNA1 + sgRNA2 + sgRNA3 + sgRNA4 + pL0-HDV-Ribozyme 
+ pL0-EF-Tr49202 or pL0-EF-TrFcpA (Figure 1A). Each sgRNA 
spacer fragment consisted of a complemetary forward and a 
reverse oligo, which were annealed and extended in a PCR 
reaction, of the form sgRNA-F aaggtctcaE1(N)20GTTTTAGAG
CTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATC and 
POS-R aaggtctcaE2aaAAAAGCACCGACTCGGTGCCACTTTT 
TCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTAT, 
where bold-face alphabets are the BsaI restriction site, E1 and 

E2 are unique Golden Gate overhangs (https://ggtools.neb.com/
getset/run.cgi (Potapov et  al., 2018; Pryor et  al., 2020), (N)20 
is a 20-bp genomic DNA targeting sequence selected from 
the CRISPOR web-tool (Haeussler et  al., 2016; Concordet and 
Haeussler, 2018), and underlined sequences are complementary 
bases for annealing and extension in a PCR reaction. Assembly 
of a Level-1-2 sgRNA array was evaluated by PCR using HH-F 
(CCGTGAGGACGAAACGAGT) and HDV-R (CCGAAGCA 
TGTTGCCCAGC) primers. Details of the gRNA sequences 
targeting the StLDP coding sequence are listed in Table  1.

A Level-1_3 SpCas9 transcriptional unit was assembled using 
pL0-AC-Pr49202 or pL0-AC-PrH4-1b + pL0-CD-SpCas9 
(PX459) + pL0-DB5-P2A + pL0-B5E-ShBle (or pL0-B5E-Bsr1) +  
pL0-EF-Tr49202 or pL0-EF-TrFcpA (Figure  1B). The SpCas9 
sequence was amplified from Addgene plasmid #62988 (Ran 
et  al., 2013). Level-1_1 consisted of a StuI + PvuII digested 
and religated episome to delete most of the ShBle cassette, 
and Level-1_4 consisted of a 24-bp spacer. Annotated nucleotide 
sequences for each part described above can be  found in 
Supplementary Data Sheet  2.

The Level-2 diatom episome expression plasmid was 
constructed via a one-pot Golden Gate assembly reaction and 
transformed into NEB® Stable chemically competent E. coli 
and incubated for 20 h at 30°C. Individual E. coli colonies 
were patched on LB agar + Spectinomycin (30 mg/L) plates. 

A

B

FIGURE 1 | A schematic diagram for the assembly of Level-0 Universal Loop parts into Level-1 transcriptional units and the final assembly of a Level-2 CRISPR/
Cas9 diatom episome in the pCA plasmid kit. (A) a pCA-Level-1_2-sgRNA array was assembled in a Level-1 Golden Gate reaction with the BsaI enzyme and T4 
DNA ligase for 30 cycles by combining Level-0 parts and sgRNA fragments with indicated overhangs. (B) A pCA-Level-1_3-SpCas9-P2A-ShBle/Bsr1 transcriptional 
unit was assembled in a Level-1 Golden Gate reaction with the BsaI enzyme and T4 DNA ligase for 25 cycles by combining Level-0 parts with indicated overhangs. 
Promoter-terminator combination used for the sgRNA array is not reused for SpCas9-P2A-ShBle/Bsr1 in the same Level-2 episome.
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A

B

C

D

FIGURE 2 | PCR screening for gene editing in primary exconjugants in P. tricornutum Pt1 (CCAP1055/1). (A) A schematic of the StLDP gene (Phatr3_J48859), 
indicating positions of sgRNA-guided cleavage sites. (B) Twenty-six primary exconjugants with heterozygous or chimeric deletions in the StLDP gene are shown. Wt 
StLDP, amplified with INF-StLDP-F and INF-StLDP-R primers (Materials and Methods), produces a 1,400-bp product; amplicon below 700 bp indicates a deletion 
resulting from the multiplexed targeting of all four sgRNA. 1 kb L = GD 1 kb DNA Ladder RTU from GeneDireX Inc.; 100 bp L = 100 bp DNA Ladder RTU from 
GeneDireX Inc. (C) PCR screening of single colonies from primary exconjugant StLDP (3) to identify lines with homozygous deletion. (D) Partial sanger sequencing of 
the StLDP gene in primary exconjugant StLDP (3).

An on-colony PCR of patched E. coli colonies using HH-F 
5′-CCGTGAGGACGAAACGAGT-3′ and HDV-R 5′-CCG 
AAGCATGTTGCCCAGC-3′ primers was performed to confirm 
the integrity of the sgRNA array prior to inoculating a culture 

for plasmid purification. All liquid cultures for E. coli (plasmid 
isolation and conjugation) were inoculated in LB24 medium 
(Wood et al., 2017) and grown at 30°C with appropriate 
antibiotics and shaken at 225 rpm.
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Creation of a Conjugative E. coli Strain for 
Delivery of the Diatom Episome
NEB® Stable E. coli, transformed with pTA-Mob (Strand 
et al., 2014), served as a conjugative E. coli strain for delivery 
of a Level-2 expression episome to P. tricornutum. Chemically 
competent NEB® Stable E. coli, containing pTA-Mob, was 
transformed with a Level-2 diatom episome and selected 
on  LB agar plates containing Gentamycin (20 mg/L) +  
Spectinomycin (30 mg/L) overnight at 30°C. Resultant E. coli 
colonies were patched and rescreened with PCR primers 
HH-F and HDV-R to ensure the stability of the diatom  
episome.

Conjugation and Selection
PCR-verified E. coli colonies were used for conjugation as 
described in Diner et al. (2016). Post-conjugation, P. tricornutum 
cells were selected on ¼ × RSE-agar plates containing Zeocin 
(100 mg/L) and Kanamycin (50 mg/L).

Detection of Genome-Edited Strains
Post-selection, exconjugant P. tricornutum colonies were screened 
via colony PCR using the primers INF-LD7-F 
(GCACATCGGGCTCGGGGTACCCTTCTTCGAGCAATCCG 
AA) + INF-LD7-R (TAATCATTTACTTAATTAGCTTGCAGGAA 
CAAGCATG). Underlined sequences complementary to the 
StLDP coding sequence (Phatr3_J48859) were used to calculate 
the annealing temperature. An amplification product of 1403 bp 
indicated a lack of gene editing, and a 706 bp or lower DNA 
fragment indicated multiplexed genome editing.

Isolation of Homozygous Genome-Edited 
StLDP Lines
Putative chimeric/heterozygous exconjugants, with unedited and 
edited PCR bands of nearly equal intensity, were diluted and 
replated to obtain single colonies. These were patched, and a 
colony PCR was performed to identify homozygous genome-
edited StLDP lines. One of the lines identified as a homozygous 
genome-edited StLDP-KO line was confirmed by Sanger 
sequencing (Supplementary Figure  1).

P. tricornutum Cultivation and 
Determination of Growth Parameters
Wild-type and homozygous genome-edited lines were cultivated 
in an incubator shaker at 22°C and a shaking speed of 120 rpm 
under a light intensity of 50 μmol photon m−2  s−1, using a full-
strength RSE medium. For the nitrogen deprivation experiments, 
cells from nutrient-replete cultures were harvested by centrifugation, 
washed in an N-free RSE medium, and resuspended in an N-free 
RSE medium at an initial cell density of 5 × 106 cell/ml. Cells 
were counted using an automated Luna cell counter (BioCat GmbH).

Fatty Acid Analysis
Fatty acid composition and content were determined as FA 
methyl esters (FAMEs), following the direct transmethylation 
of freeze-dried cell pellets and triacylglycerols, isolated from 
total lipid extracts. Samples placed in glass vials were 
transmethylated with 2% (v/v) sulfuric acid (H2SO4) in anhydrous 
methanol at 80°C for 1.5 h under an argon atmosphere with 
continuous stirring. Pentadecanoic acid (C15:0; Sigma-Aldrich, 

A

B

FIGURE 3 | Growth of wild-type Pt1 and StLDP-KO lines in the nutrient-replete medium. (A) Growth of the cultures monitored by cell counting. (B) Images of P. 
tricornutum cultures, representing relative growth from day 0 to 5 days of cultivation in the nutrient-replete medium. The initial cell density −2 × 106 cells/ml. Wild-type 
and StLDP-KO lines were cultivated in an incubator shaker with a CO2-enriched atmosphere (100 ml/min) at 22°C with a shaking speed of 120 rpm under a light 
intensity of 50 μmol photon m−2 s−1.
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United  States; 0.5 mg/ml in stock solution) was added as an 
internal standard. The transmethylation reaction was terminated 
by cooling to room temperature and the addition of 1 ml of 
H2O. FAMEs were extracted with hexane and quantified on 
a Trace GC Ultra (Thermo, Italy) equipped with an FID and 
a programmed temperature vaporizer (PTV) injector. The PTV 
injector was programmed to increase the temperature from 

40°C at the time of injection to 300°C at sample transfer. The 
separation was achieved on a fused silica capillary column 
(SUPELCOWAX 10, Sigma-Aldrich, United  States, 
30 m × 0.32 mm) using the following oven temperature program: 
1 min at 130°C, followed by a linear gradient to 220°C, and 
finally 10 min isocratic at 220°C. Helium was used as the 
carrier gas at a flow rate of 2.5 ml min−1. The detector temperature 

A

B

C

FIGURE 4 | Micrographs of Pt1 wild-type and StLDP-KO (3) cells under N-replete conditions (A), N deprivation (B), and following nutrient replenishment (C). DIC 
micrographs and fluorescence micrographs of Nile Red stained cells (×1,000 magnification) are shown for each condition (indicated). Lipid droplets are visible as 
bright yellow fluorescent bodies. Pt1 wild-type and StLDP-KO (3) lines were cultivated in an incubator shaker with a CO2-enriched atmosphere (100 ml/min) at 22°C 
with shaking speed of 120 rpm under a light intensity of 50 μmol photon m−2 s−1.
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was set at 280°C. FAMEs were identified by co-chromatography 
with commercial standards (Sigma-Aldrich, United  States).

Lipid Extraction and Triacylglycerol 
Quantification
Freeze-dried cell pellets (150 × 106 cells) were treated with 
isopropanol, pre-heated to 80°C, for 10 min under an argon 
atmosphere. Isopropanol was removed and replaced with a mixture 
of methanol: chloroform (2:1, v/v). Samples were mixed for 1 h 
and centrifuged, and the solvent was collected and mixed with 
isopropanol. DDW was added to form two phases; the bottom 
phase was collected and evaporated under a stream of N2 flow.

Triacylglycerols were separated by one-dimensional TLC on 
silica gel plates (Silica Gel 60, 10 × 10 cm, 0.25 mm thickness, 
Merck, Germany), using a solvent system of petroleum ether: 
diethyl ether: acetic acid (70:30:1, v/v/v). Lipid spots were 
visualized with iodine vapors, scraped from the plates, and 
transmethylated as described above.

Microscopy
Cells were observed under a Zeiss microscope (Carl Zeiss, 
Göttingen, Germany) equipped with an AxioCam digital camera, 
differential interference contrast (DIC) Nomarski optics, and 
epifluorescence. Lipid droplets were visualized using Nile Red 
staining: 1 μl of Nile Red (Sigma-Aldrich) solution in DMSO 
(100 μg/ml) was added to 10 μl of the sample, mixed by pipetting, 
and observed under a Filter Set 16 with a bandpass excitation 
at 485/20 nm and a long-pass emission beyond 515 nm.

RESULTS

Golden Gate Assembly Based a uLoop 
System Enables the Construction of a 
Highly Modular Genome-Editing Episome 
With Multiplexed sgRNA Capability
Golden Gate assembly combines a restriction-ligation cloning 
method into a one-pot reaction, which allows a seamless 
combination of interchangeable modules, thus achieving a 
combinatorial synthesis of expression vectors in parallel. Using 
an expanded syntax of the uLoop system, four sgRNA targets 
for the StLDP gene (Phatr3_J48859) were seamlessly assembled 
into a Level-1 transcriptional unit (Figure  1A). Similarly, a 
SpCas9 coding sequence was translationally coupled to the 
ShBle/Bsr1 selectable marker via a P2A peptide with the facility 

to exchange promoter and terminator sequences as demanded 
by experiments or for future optimization (Figure  1B).

Stable Assembly and Delivery of a Level-2 
Diatom Episome With Tandem sgRNA 
Repeats
While a multiplexed sgRNA transcriptional unit can be assembled 
into a Level-1_2 construct using routine cloning strains, such 
as NEB® Turbo, assembly with Level-1_3-SpCas9 into the final 
Level-2 expression episome fails without the use of a special 
E. coli strain, such as NEB® Stable, which is capable of maintaining 
DNA with multiple repeats. The use of LB24 broth (Wood 
et  al., 2017) for culturing NEB® Stable E. coli at 30°C and 
225 rpm ensured a comparable growth rate to EPI300™ E. 
coli grown at 37°C and 225 rpm, as used routinely for the 
conjugative delivery of the episome to P. tricornutum. To 
maintain episome stability, while culturing NEB® stable cells, 
LB agar plates and broth were incubated at 30°C. Slower growth 
in a liquid medium at 30°C was compensated by using a 
rationally balanced medium, such as LB24 [35].

Use of RNA Polymerase II Promoters 
Allows the Multiplexed Expression of an 
sgRNA Array
A tandem array of sgRNA targets, flanked by Hammer Head 
and Hepatitis Delta Virus ribozymes, was expressed as a single 
transcript using an RNA Pol-II promoter, precluding the use 
of multiple Pol-III promoter-terminator cassettes for each target 
and leading to a compact and efficient assembly of the CRISPR/
Cas9 editing episome. Interspersing 6 bp filler sequences 
(5′-AA-3′ + 4 bp-GG overhang) between each sgRNA target 
allowed the endogenous ribonuclease processing of the tandem 
sgRNA array into active Cas9-RNP for genome editing.

Evaluation of Genome-Editing Events and 
Their Frequency With Two Constructs With 
Orthogonal RNA Polymerase II Promoters
Using four targets against the coding sequence of the StLDP 
gene of P. tricornutum (Table  1), we  created a ~ 500 bp lesion 
detected by a simple on-colony PCR-based screening strategy 
(Figure 2). A direct on-colony PCR of P. tricornutum exconjugants 
allowed the rapid detection of genome-editing events for further 
study and evaluation (Figure 2B). The majority of edited events 
resulted from the construct in which SpCas9(PX459) and ShBle 

TABLE 1 | List of targets used for episome-mediated multiplexed editing of the StLDP gene.

Target Cleavage position a-Strand_gRNA sequence CFD scoreb (0–100) Predicted efficiencyc (0–100) Off-targetd sites

StLDP-1 131-R_GCGACTGGGTAAGTCGTACG 100 74 0
StLDP-2 454-R_TCTGGCACTACAGCGGACGA 100 69 0
StLDP-3 664-F_TTGCCATTTTCAATTCACAA 100 56 0
StLDP-4 837-F_TTGTACGCGAGCACGAACGC 100 70 0

aCounted from ATG as first base.
bCutting frequency determination (CFD) specificity score. A higher score correlates with a lower off-target effect in the genome (Doench et al., 2016).
cA higher score predicts a greater likelihood of cleavage for the given sequence (Doench et al., 2016).
dNumber of off-target sites in the genome for a mismatch within the guide sequence (Concordet and Haeussler, 2018).
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expression was driven by Pr49202-Tr49202, and the sgRNA 
array was transcribed by the PrH41b-TrFcpA promoter-
terminator combination, which displayed editing at a frequency 
of 6.7–13.8% (Table  2). The sequences of the promoter and 
terminator combinations can be found in (Pollak et  al., 2020). 
A PCR screening revealed that most primary exconjugants 
were either chimeric or heterozygous mutants (Figure  2B). 
The bands detected between the WT StLDP (~1,400 bp) and 
700 bp (product of all four sgRNAs simultaneous deletion) are 
most likely deletions resulting from two or three sgRNAs.

Isolation of Homozygous Deletion StLDP 
Mutants
PCR-screened primary exconjugants, which displayed gene 
editing and the resultant PCR amplicons that were equal in 
intensity to the wild-type StLDP sequence, were diluted and 
replated. Lines with homozygous deletion were confirmed via 
PCR screening from the single colonies emerging from the 
replating (Figure 2C). Sanger sequencing from one of the lines, 
designated StLDP-KO (3), further confirmed the line to be  a 
homozygous deletion event (Supplementary Figure 1; Figure 2). 
Zeocin selection pressure was maintained till the isolation of 
single colonies with a 500 bp homozygous deletion. In order 
to eliminate the background effect of Cas9 and conjugation, 
the lines were diluted several times under nonselective conditions 
to allow the CRISPR episome to be  cured (Karas et  al., 2015). 
These gene-edited lines (additionally confirmed by PCR on 
aliquots of liquid cultures; Supplementary Figure  2) free of 
the CRISPR/Cas9 episome were then compared to the WT 
under specified experimental conditions to evaluate the effect 
of disruption of the StLDP gene on LD formation.

Gene-Edited Lines Display Growth 
Phenotype and Accumulate Lipid Droplets 
in Replete Conditions
In this work, we report the initial characterization of the gene-
edited lines in terms of growth, morphology, and fatty acid 
production under N-replete and N-deprived conditions. Seven 
transgenic StLDP-KO lines were monitored in the nutrient-
replete medium for characterizing their growth performance 
(cell concentration) and microscopic analysis. All the examined 
gene-edited lines exhibited impaired growth and bleached 
phenotypes compared with the wild-type Pt1 (Figures  3A,B). 
All seven StLDP-KO lines exhibited virtually the same growth 

inhibition relative to the wild type (Figure  3A). Furthermore, 
light microscopy screening revealed that StLDP-KO lines formed 
LDs during the growth in the nutrient-replete medium. For 
a detailed microscopic analysis, we  selected line StLDP-KO 
(3) with the 500 bp deletion confirmed by sequencing 
(Supplementary Figure  1). The morphology of StLDP-KO (3) 
cells grown in the replete medium differed markedly from the 
wild-type cells, dominated by fusiform cells. Three morphotypes 
of fusiform, circular, and oval cells were observed in the 
StLDP-KO (3) culture. In the wild-type cells grown in the 
N-replete medium, LDs, visualized by Nile Red staining, were 
either tiny or absent (Figure  4A), while StLDP-KO (3) cells 
produced large LDs (Figure  4A). Fusiform cells had one to 
two LDs with a diameter of 1.5–2 μm; however, multiple LDs 
were occasionally observed (Figure  4A). Oval and circular 
cells with a single LD were most abundant in the culture of 
StLDP-KO (3); these cells were prone to aggregation and the 
formation of stable clumps (Figure  4A). Because aggregation 
of oval and circular cells hindered cell counting and staining 
the LDs with Nile Red, intensive vortexing was required before 
the analysis.

Following the transfer to the N-deprived medium (Figure 4B), 
the cells of StLDP-KO (3) with pre-formed LDs did not display 
substantial morphological changes compared with the cells in 
nutrient-replete medium; furthermore, cell clumping increased. 
Circular LDs occupied most of the cell volume, while the 
plastid and other compartments seemed to be  substantially 
abridged. Cell clumping decreased after nutrient replenishment 
(Figure  4C); however, clumps were observed after 96 h of 
recovery. Within 48 h following nutrient resupply, LDs 
disappeared from wild-type cells, whereas large, circular LDs 
were observed in the StLDP-KO (3) cells.

Gene-Edited Lines Accumulate TAG in 
Replete Conditions
To examine whether and how the lesion in the StLDP gene 
affected the production and the relative abundance of fatty 
acids (% of total) under N-replete and N-deprived conditions 
and following nutrient replenishment, a FAMEs analysis was 
performed. Under nutrient-replete conditions, the fatty acid 
profile of the StLDP-KO (3) line showed a reduction in the 
proportion of the major omega-3 LC-PUFA, eicosapentaenoic 
acid, 20:5n3, as well as a noticeable increase in the proportion 
of palmitoleic acid (16:1n7) compared with the wild type 
(Figure  5A). The cells of the StLDP-KO (3) accumulated ca. 

TABLE 2 | Editing efficiency of two episome constructs with orthogonal RNA polymerase II promoters driving gRNA and Cas9 expression to detect deletions in the 
StLDP gene.

Promoter-terminator (sgRNA array/Cas9-
P2A-ShBle)

Repetition TotaleExconjugants Edited events detected by PCR Efficiency (%)

1 80 9 11.3
PrH4_1b-TrFcpA / Pr49202-Tr49202 2 167 23 13.8

3 120 8 6.7
1 56 1 1.8

Pr49202-Tr49202/PrH4_1b-TrFcpA 2 38 1 2.6
3 40 5 12.5
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2.5-fold more fatty acids compared with the wild type under 
nutrient replete conditions (Figure  5C).

Since the StLDP-KO (3) line exhibited LD formation in 
replete conditions, we  isolated TAG from the total lipid extract 
by one-dimensional TLC and subsequently quantified acyl 
groups accumulated in TAG as FAMEs. As was evident from 
the imaging of the TLC plate after exposure to iodine vapors, 
the StLDP-KO (3) accumulated TAG under replete conditions, 
while TAG formation was minute in the wild-type cells 
(Figures  5D,E). Quantification of fatty acids confirmed a 
substantial accumulation of TAG in the StLDP-KO (3) cells 
under nutrient-replete conditions. The main differences in the 
fatty acid profile of TAG comprised the increased percentage 
of 16:1 and a decrease of 14:0 and 16:0 compared with the 
TAG of the wild type (Figure  5B).

Under N deprivation, the main difference in the fatty acid 
profile comprised a decrease in the proportion of 16:0 with 
a concomitant increase in 16:1n7 (Figure  6A). In the course 
of nitrogen deprivation, the TFA content markedly increased 
in the wild type to 4.8 μg/106 cells (Figure  6B). In contrast, 
there was a relatively mild increase in the StLDP-KO (3) line 
(to ca. 6.0 μg/106 cells), compared with the N-replete cells 
(Figure 6B). TLC analysis performed to quantify TAG produced 
under N deprivation indicated that TAG increased less in the 

KO line than in the wild type (Figure  6C). Yet, the TAG 
content was higher in the StLDP-KO (3) cells. Following the 
resupply of nutrients to N-deprived cells, in line with the 
growth (Figure  6A) and microscopy data (Figure  4C), the 
growth recovery and the decrease in fatty acid content (per 
106 cells) was impeded in StLDP-KO (3). In the wild type, 
the content of total fatty acids drastically decreased within 
48 h, from 5 to 1.5 μg/106 cells, followed by an increase to 
~3.0 μg/106 cells over the next 48 h (Figure  6B). In contrast, 
the total fatty acid content remained substantially higher in 
the StLDP-KO (3), but there was a steady, though relatively 
mild, decrease in the StLDP-KO (3). The fatty acid profile 
comprised ~40% of 16:1 and 20% of 16:0  in the StLDP-KO 
after 48 h of nutrient resupply (Figure  6D). In the wild type, 
these fatty acids comprised ~20 and 15%, respectively after 
48 h of nutrient resupply. Since 16:0 and 16:1 are the major 
constituents of TAG in P. tricornutum (Figure  5E), this result 
may corroborate a delayed hydrolysis of TAG and LD breakdown 
in StLDP-KO (3) cells. Another indication of the impaired 
recovery of StLDP-KO (3) cells from N deprivation was the 
reduced proportion of the EPA of total fatty acids. By 96 h, 
the effect was moderate, as indicated by an increase in the 
percentage of two PUFAs, 16:3 and 20:5n3, associated with 
plastid membrane lipids.

A

B

C D

E

FIGURE 5 | Fatty acid analysis of wild-type Pt1 and StLDP-KO (3) under nutrient-replete conditions by gas chromatography (GC). (A) Relative abundance of total 
fatty acids (%) after 96 h of cultivation in a nutrient-replete medium. (B) Total fatty acid content per 106 cells. (C) Relative abundance of fatty acids in TAG (%). 
(D) Fatty acid content in TAG per 106 cells. (E) Separation of neutral lipids by TLC in a solvent system used for TAG isolation.
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FIGURE 6 | Comparative analysis of wild-type Pt1 and StLDP-KO (3) under N deprivation and following nutrient replenishment. (A) Relative abundance of fatty 
acids (% of total) after 96 h of cultivation in the N-deprived medium. (B) Total fatty acid content (μg/106 cells) after 96h of N deprivation. (C) Fatty acid content in 
TAG (μg/106 cells) after 96h of N deprivation. The initial cell density −5 × 106 cells/ml. (D) Relative abundance of fatty acids (% of total) during recovery from 
N-deprivation. (E) Isolation of TAG from N -deprived cells by TLC: total lipids were loaded based on the equal cell number. (F) Cell concentration dynamics after 
nutrient replenishment. The initial cell density −2 × 106 cells/ml. (G) Relative abundance of fatty acids (% of total) 48 and 96 h after nutrient replenishment.

DISCUSSION

Although several incremental improvements have been achieved 
in deploying CRISPR/Cas9 for genome editing in P. tricornutum 
(Nymark et al., 2016; Kroth et al., 2018; Serif et al., 2018; Sharma 
et  al., 2018; Stukenberg et  al., 2018; Moosburner et  al., 2020), 
none of these reports, to date, have incorporated the latest 

developments in multiplexed genome targeting as a modular 
system allowing rapid construct assembly for creating large genomic 
lesions that can be  easily detected by PCR. Here, we  described 
a scheme for modular assembly of a multiplexed genome-editing 
episome, based on Universal Loop assembly (Pollak, 2019; Pollak 
et  al., 2019, 2020), to enable a simple PCR-based screening of 
edited lines, free of selection markers.
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Multiplexed genome targeting allows the simultaneous editing 
of two or more loci or the creation of a large deletion that 
can be  detected easily by routine PCR screening. Several 
strategies have been described in other model systems for 
multiplexing sgRNA expression from constructs that include 
stacked RNA polymerase III sgRNA expression cassettes 
(Moosburner et al., 2020), tRNA-sgRNA arrays expressed from 
RNA polymerase III promoters (Xie et al., 2015), and ribozyme-
gRNA-ribozyme (RGR) arrays transcribed from RNA polymerase 
II/III promoters (Gao and Zhao, 2014).

The majority of multiplexed sgRNA expression systems 
utilize snRNA/ U6/U3 (RNA polymerase III) promoters, which 
are inherently inefficient at transcribing a long array of sgRNAs, 
typically interspersed with tRNA or ribozymes or Csy4-28 bp 
linkers (Hsieh-Feng and Yang, 2019). This limitation can 
be  overcome by using RNA polymerase II promoters, which 
can easily transcribe long sgRNA arrays containing ribozymes 
for efficient cleavage of the array-transcript into mature sgRNAs. 
An efficient TCTU system for multiplexed gene editing in 
rice utilizing an RNA polymerase II promoter for transcribing 
an RGR array, was recently described, allowing simultaneous 
editing in three targets (Wang et  al., 2018). Furthermore, in 
rice (Mikami et  al., 2017), demonstrated that ribozymes are 
optional for processing the SpCas9-sgRNA transcript 
into  functional RNP due to the presence of endogenous  
ribonucleases.

In this study, we  combined the use of an RNA polymerase 
II-based TCTU approach to CRISPR/Cas9 from (Wang et  al., 
2018), the use of single HH and HDV ribozymes for the 
entire four target sgRNA array from (Gao and Zhao, 2014), 
an endogenous sgRNA processing capability from (Mikami 
et  al., 2017), and a selectable marker transcriptionally coupled 
to SpCas9(PX459) expression (Moosburner et  al., 2020) into 
an efficient, compact, episomally expressed CRISPR/Cas9 
genome-editing system with multiplexed capability (Figure  1). 
Although the editing efficiency reported here is lower than 
that reported in other studies, our estimates are more conservative 
due to the fact that they are based on an overall observation 
of a large genic deletion rather than on an sgRNA-by-sgRNA 
basis. Moreover, the editing detection strategy used in this 
report is simple, requiring no special equipment or additional 
reagents in contrast to the methods, such as HRM or T7EI, 
used in other reports.

Recently, a Universal Loop kit (Pollak et  al., 2019, 2020), 
a Golden Gate assembly-based cloning system, was released 
for several photosynthetic microalgae, including P. tricornutum. 
Such a Golden Gate cloning-based system offers an efficient, 
one-pot assembly of DNA parts with standardized overhangs, 
up to 24 parts (Potapov et  al., 2018; Pryor et  al., 2020). Two 
strong promoter-terminator combinations, PrH4_1b-TrFcpA 
(Slattery et  al., 2018) and Pr49202-Tr49202 (Bielinski et  al., 
2017), were selected from the kit to construct a TCTU system. 
These were orthogonally combined either to transcribe the 
ribozyme-flanked sgRNA array or to express the SpCas9-P2A-
ShBle cassette into two diatom episome constructs for testing 
editing efficiency. Surprisingly, of the two constructs, in the 
combination where the promoter H4_1b-terminator FcpA was 

used for expressing the sgRNA array and the promoter 
49,202-terminator 49,202 was used for expressing SpCas9-P2A-
ShBle, the number of exconjugants and gene editing was 
observed at a greater frequency. Moreover, most of the deletions 
observed were either chimeric or heterozygous. This highlights 
the need for testing more promoters, preferably from genes 
involved in cell division or circadian rhythm. Indeed, a recent 
study in Chlamydomonas reinhardtii reported an increase in 
homology-directed repair events or non-homologous end-joining 
events based on the time point within the cell cycle, when 
circadian-rhythm-synchronized cultures were delivered to Cas9 
RNP (Angstenberger et  al., 2020). Our study further suggests 
the feasibility of deploying a single transcriptional unit CRISPR/
Cas9 without the use of ribozymes for multiplexed genome 
targeting. Such improvements in multiplexed genome-targeting 
systems hold promise for efficient transcriptional modulation 
or repression via CRISPRa and CRISPRi, especially for a model 
diatom species, such as P. tricornutum, allowing a thorough 
investigation of metabolic pathways and further opening avenues 
for their engineering.

Delivery of CRISPR/Cas9 has been achieved in P. tricornutum 
via the biolistic transformation of plasmids (Nymark et  al., 
2016; Sharma et  al., 2018) or RNP (Serif et  al., 2018) and 
E. coli-mediated conjugation (Sharma et al., 2018; Slattery et al., 
2018; Stukenberg et  al., 2018; Moosburner et  al., 2020). Of 
all these methods, E. coli-mediated conjugation requires no 
specialized equipment or chemicals to maintain auxotrophs 
(for RNP counterselection) and can be  performed in a high-
throughput format. Additionally, the diatom episome can 
be  cured upon the removal of selection pressure. While the 
assembly of constructs with one or two sgRNA targets is easily 
achieved, the addition of more targets for multiplexing increases 
repetitive DNA in plasmids and makes the construct unstable 
in E. coli. In our experiments, a Level-2 multiplex sgRNA 
episome could only be  assembled in NEB® Stable E. coli 
specialized for maintaining plasmids with repetitive DNA. 
However, the assembly of a Level-1-2 sgRNA transcriptional 
unit with four targets could easily be  achieved with regular 
E. coli strains, such as NEB® Turbo. Similarly, for the E. coli-
mediated delivery of the multiplexed CRISPR/Cas9 episome, 
NEB® Stable E. coli was transformed with pTA-Mob (Strand 
et  al., 2014) and the Level-2 diatom episome.

Multiplexed genome editing of the StLDP gene successfully 
created targeted and stable gene knockouts in P. tricornutum 
cells, carrying the genic lesion in the gene encoding StLDP 
and showing a strong growth impairment. StLDP-KO cells 
adopted altered shapes and morphologies distinct from the 
typical fusiform cells of the Pt1 wild type, suggesting a possible 
role of StLDP or the downstream effect of its KO in the cell 
morphology regulation. Furthermore, oval and circular cells 
were amply present in cultures of the edited lines, and they 
formed cell clumps. It is known that P. tricornutum cells secrete 
exopolymeric substances (EPS) with adhesive properties, 
particularly the oval cells (Willis et  al., 2013; Galas et  al., 
2021). It has also been suggested that oval cells represent a 
form that is more resilient to stresses, in Galas et  al. (2021) 
and references therein.
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Furthermore, the StLDP gene KO resulted in LD formation 
and TAG accumulation in nitrogen-replete conditions. While 
the molecular mechanisms of LD formation in the N-replete 
cells of the gene-edited lines warrant further investigation, 
we  can provide several plausible explanations. We  speculate 
that the ablation of StLDP and the resulting changes in the 
assemblage of LD-associated proteins may disturb LD turnover 
in the replete cells followed by the coalescence of forming 
LDs. Generally diminutive or absent from the replete cells, 
LDs and the storage lipids sequestered within LDs undergo 
continuous turnover, as corroborated by knocking down the 
genes for major TAG lipases in two diatoms (Trentacoste et al., 
2013; Barka et  al., 2016). The study of the peculiar dynamics 
of LD formation by P. tricornutum strain Pt1 (Jaussaud et  al., 
2020) revealed a complex mode of LD size control and the 
lack of LD fusion in the presence of StLDP under N deprivation.

Furthermore, since the nature and composition of major 
lipid droplet proteins vary among different species, the 
downstream effect of knockdown/knockout of genes encoding 
proteins on lipid metabolism might be  species- and taxon-
dependent (Yoneda et  al., 2016). For example, in the green 
microalga C. reinhardtii, RNAi-mediated silencing of MLDP 
led to an increase in the diameter of LDs in N-deprived 
conditions, without, however, affecting the TAG content 
(Moellering and Benning, 2010). Cultivation of StLDP-KO cells 
in the N-deprived medium caused detrimental effects on cell 
morphology (agglomerated circular and oval cells with oversized 
LDs) and did not cause a substantial increment in the TAG 
content per cell. Following nutrient replenishment, the recovery 
of StLDP-KO cells was severely impaired. The remobilization 
of storage lipids in the StLDP-KO during recovery was delayed, 
although not completely impaired, and coincided with at least  
partial recovery of the membrane systems, as indicated by 
microscopy and FA profiling (an increase in 16:3 and 20:5). 
The delay in TAG degradation could be  attributed to the fact 
that the reduced surface area per volume of LDs in StLDP 
led to decreased TAG hydrolysis by lipases, acting in LD 
turnover at the LD surface. For example, in Arabidopsis thaliana, 
decreased lipid remobilization was observed when a gene for 
oleosin 1, a lipid droplet resident protein, was knocked out 
(Siloto et  al., 2006). Consistent with our observation of the 
formation of oversized LDs in the StLDP-KO line, enlarged 
LDs, which did not cease to coalesce, were observed in the 
mldp lines of C. reinhardtii under prolonged N deprivation 
(Tsai et  al., 2015). However, in the StLDP-KO line LDs were 
formed and TAG accumulated in replete cells, indicating a 
significant impact on TAG turnover. Further, the reduction of 
MLDP in C. reinhardtii caused a delay in TAG breakdown, 
which is consistent with our results. Therefore, our study 
indicates the important role played by StLDP in regulating 
LD size and number in P. tricornutum and suggests a possible 
function in stabilizing the LD surface. A more detailed study 
of the StLDP-KO lines is further required to reveal the role 
of this major LD protein in P. tricornutum.

Lipid droplets can also be degraded by the autophagy-related 
lipophagy process (Zienkiewicz and Zienkiewicz, 2020). It has 
recently been shown that the major LD surface protein of the 

eustigmatophyte Nannochloropsis oceanica interacts with the 
hallmark autophagy protein ATG8 during the autophagic 
catabolism of LDs (Zienkiewicz et  al., 2020). The use of 
fluorescent-protein-tagged ATG8 helped to reveal contacts 
between LDs and autophagic structures in C. reinhardtii (Tran 
et al., 2019). A similar mechanism may operate in P. tricornutum, 
as suggested by the presence of the ATG8-interacting motif 
in StLDP (Leyland et  al., 2020a). Therefore, it is possible to 
speculate that the ablation of StLDP disturbs autophagic 
degradation of LDs in nutrient-replete conditions, consistent 
with the augmented formation of LDs in replete cells and the 
impeded degradation following nutrient replenishment. These 
suggestions and other possible mechanisms and effects of StLDP 
ablation on cellular and LD proteomes and lipidomes will 
be  experimentally tested in future research.

CONCLUSION

In this work, we  have demonstrated the creation of a large 
homozygous deletion in the StLDP gene via a multiplexed 
CRISPR/Cas9 array expressed from the diatom episome. This 
report describes the essential cloning steps and E. coli strains 
required for successful accomplishment of multiplexed genome 
editing. We  demonstrate here the feasibility of efficient 
multiplexed gene editing in a TCTU system via the diatom 
episome. Multiplexed targeting via RNA polymerase II 
promoters greatly reduced the size of the episome construct 
and overcame the necessity to find new snRNA/RNA 
polymerase III promoters for target stacking in a construct, 
especially for a recent model system. E. coli-mediated episome 
delivery of CRISPR/Cas9 to diatoms can be  cured of 
exconjugants creating non-GM edited lines, which are desirable 
in commercial cultivation. Moreover, the US has recently 
deregulated gene editing in crops for creating single base 
changes or several base-pair deletions that can be  achieved 
by traditional breeding practices (Stokstad, 2020). Our work 
also suggests that sgRNA arrays can be  efficiently processed 
into functional sgRNA by endogenous ribonucleases in P. 
tricornutum, allowing the accommodation of more sgRNA 
targets instead of ribonucleases. Deploying four targets may 
provide a greater chance of ensuring generation of mutants 
with large deletion within a given genomic region. Moreover, 
four targets may be  further used for creating double mutants 
in a single experiment. We  hope that the Level-0 parts 
generated in this study (Supplementary Material) will 
be  useful within the P. tricornutum community for further 
optimization of CRISPR/Cas9-mediated gene editing. The 
effectiveness of the method was exemplified by creating 
mutants of the major lipid droplet protein StLDP, allowing 
novel insights into its role in LD metabolism.
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Analyses on Flavonoids and
Transcriptome Reveals Key MYB
Gene for Proanthocyanidins
Regulation in Onobrychis Viciifolia

Zhongzhiyue Jin, Wenbo Jiang, Yijing Luo, Haijun Huang, Dengxia Yi and Yongzhen Pang*

Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing, China

Onobrychis viciifolia (sainfoin) is one of the most high-quality legume forages, which

is rich in proanthocyanidins that is beneficial for the health and production of animals.

In this study, proanthocyanidins and total flavonoids in leaves of 46 different sainfoin

germplasm resources were evaluated, and it showed that soluble proanthocyanidin

contents varied greatly in these sainfoin germplasm resources, but total flavonoids

did not show significant difference. Transcriptome sequencing with high and low

proanthocyanidins sainfoin resulted in the identification of totally 52,926 unigenes in

sainfoin, and they were classed into different GOC categories. Among them, 1,608

unigenes were differentially expressed in high and low proanthocyanidins sainfoin

samples, including 1,160 genes that were upregulated and 448 genes that were

downregulated. Analysis on gene enrichment via KEGG annotation revealed that the

differentially expressed genes were mainly enriched in the phenylpropanoid biosynthetic

pathway and the secondary metabolism pathway. We also analyzed the expression

levels of structural genes of the proanthocyanidin/flavonoid pathway in roots, stems,

and leaves in the high proanthocyanidin sainfoin via RT-qPCR and found that these

genes were differentially expressed in these tissues. Among them, the expression

levels of F3’5’H and ANR were higher in leaves than in roots or stems, which is

consistent with proanthocyanidins content in these tissues. Among MYB genes that

were differentially expressed, the expression of OvMYBPA2 was relatively high in high

proanthocyanidin sainfoin. Over-expression level of OvMYBPA2 in alfalfa hairy roots

resulted in decreased anthocyanin content but increased proanthocyanidin content.

Our study provided transcriptome information for further functional characterization of

proanthocyanidin biosynthesis-related genes in sainfoin and candidate key MYB genes

for bioengineering of proanthocyanidins in plants.

Keywords: Onobrychis viciifolia, flavonoids, proanthocyanidins, transcriptome, OvMYBPA2
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INTRODUCTION

Onobrychis viciifolia L., also known as sainfoin, is a perennial
legume of the Onobrychis genus, which is one of the main genus

of the Fabaceae family (Carbonero et al., 2011). The centers of

genetic diversity of sainfoin originate in southern Central Asia,

particularly on the Anatolian plateau of Turkey, the districts of
the Caucasus, the margins of the Caspian fringes, parts of Iran,
and the mixed swards of AsiaMinor (Bhattarai et al., 2016; Mora-
Ortiz and Smith, 2018). Sainfoin has a long cultivation history
and a wide distribution in temperate and subtropical regions
of Europe, North America, Russia, Middle East, and north and
northeast Africa (Carbonero et al., 2011; Amirahmadi et al.,
2016). Sainfoin, which is abundant in high nutrition, is planted
in 23 provinces/autonomous regions of China, such as Gansu,
Xinjiang, and Inner Mongolia. Sainfoin has the characteristics
of high nutritional value, good palatability, high yield, and
strong nitrogen fixation ability, and it is an excellent animal feed
resource. It was reported that the ruminant animals fed with
sainfoin with moderate level of proanthocyanidins (also called
condensed tannins) will reduce the occurrence of bloating and
the emission of urinary nitrogen, increase absorption of amino
acid (Min et al., 2003) and body weight (Waghorn, 2008), inhibit
the damage of pathogens and parasites (Liu et al., 2013; Rivaroli
et al., 2019), and promote the ability of nitrogen fixation in
environment (Re et al., 2014).

Proanthocyanidins (in short PAs) is one large group of
flavonoid compounds, and they were the most widely distributed
secondary metabolites and have been widely found in many plant
species (Xie and Dixon, 2005). Flavonoids play the important
roles with various biological activities for plants, animals, and
humans, including but not limited to antiviral, anti-pathogenic
bacteria, anti-parasitic, anti-oxidative, anti-inflammatory, anti-
allergenic, anti-tumor activities (Pietta, 2000; Kawai et al., 2007;
Serafini et al., 2010; Mai et al., 2015; Farhadi et al., 2019;
Kopustinskiene et al., 2020; Lalani and Poh, 2020). A variety of
flavonoid components are present in plants, including flavonols,
flavones, anthocyanins, and proanthocyanidins (Panche et al.,
2016), and they are categorized based on the basic skeleton
and different oxidation degree (Cheynier et al., 2013). HPLC-
MS is an effective tool for the detection of targeted or non-
targeted flavonoid compounds in plants (Wu et al., 2013).
Based on HPLC-MS analysis, different flavonoid or phenolic
compounds were reported in sainfoin. Phenolic compounds in
young leaves, young petioles, stems, flower stalks, and flower
buds of sainfoin were identified using LC-ESI-MS/MS (Regos
et al., 2009). Another study isolated and identified phenolic
acid and flavonoids in sainfoin using HPLC-DAD, including
arbutin, gallic acid, catechin, epicatechin, epigallocatechin, and
procyanidin B2 (Regos and Treutter, 2010). These studies
revealed that sainfoin is rich in flavonoids, in particular

proanthocyanidins in leaves of some sainfoin, which is rare in
legume forages for the prevention of the lethal bloating disease.

Most studies on sainfoin have focused on the identification
of phenolic components and the optimization of identification
method, as well as evaluation of the bioactivities of related
compounds, but the mechanisms regulating flavonoid

biosynthetic pathway remain unknown in sainfoin. Biosynthesis
pathway of flavonoids has been studied in many model or non-
model plant species, includingArabidopsis thaliana,Antirrhinum
majus, Zea mays, and Ginkgo biloba (Saito et al., 2013; Tohge
et al., 2017; Fujino et al., 2018; Su et al., 2020), and these studies
identified many biosynthetic genes (e.g., CHS, CHI, F3H, F3’H,
F3’5’H, DFR, ANS, ANR, and LAR), as well as different types
of transcription factor genes (Liu et al., 2015). Among them,
the MBW complex comprising of MYB, bHLH, and WD40
proteins is the major regulatory complex for the regulation of
flavonoid and proanthocyanidins pathway (Hichri et al., 2011;
Chezem and Clay, 2016). Among the MBW complex, MYBs
act as the leading players in the biosynthesis of flavonoids
especially proanthocyanidins in seeds or in fruits in many plant
species, such as A. thaliana, Vitis vinifera, Lotus japonicus, and
Medicago truncatula (Baudry et al., 2004; Bogs et al., 2007;
Yoshida et al., 2010; Verdier et al., 2012). Therefore, mining
and identifying key MYB genes that regulate proanthocyanidin
biosynthesis in leaves of sainfoin could be beneficial to the
bioengineering of proanthocyanidins in other legume forages
that lack proanthocyanidins in leave, such as the most important
legume forage alfalfa (Medicago sativa).

In this study, we analyzed flavonoid and proanthocyanidins
content from 46 sainfoin germplasm resources and found
proanthocyanidin content varied greatly among them.
These special sainfoin germplasm resources with high
proanthocyanidins content could be used for breeding. In
addition, we selected two of them with relatively high or
low proanthocyanidin content for transcriptome analysis
and identified a large number of candidate genes potentially
involved in proanthocyanidins pathway. Among them, we
characterized one MYB transcription gene OvMYBPA2 and
found its over-expression could increase proanthocyanidin
content in M. sativa hairy roots, by regulating flavonoid flux.
Our studies on the function of OvMYBPA2 provide new clues for
the regulation mechanism of proanthocyanidins in sainfoin, as
well as new candidate gene for genetic breeding of forages with
improved quality.

MATERIALS AND METHODS

Plant Materials
The seeds of 46 sainfoin (Onobrychis viciifolia) germplasms
(Supplementary Table 1) were stored at the Forage Germplasm
Bank at the Institute of Animal Science, the Chinese Academy of
Agricultural Sciences (IAS-CAAS), Beijing, China. The sainfoin
plants were grown from seeds in the CAAS Experimental Station
at Lang Fang, Hebei province, China in 2019. The mature leaves
were collected during May of 2020 and dried for determination
of the contents of proanthocyanidins and total flavonoids.

The seedling of 3-month-old sainfoin plant nos. 25 and 33
was grown in growth chamber (16-h/8-h light/dark, 24◦C), and
young leaves were collected for transcriptome sequencing and
flavonoid profiling. The roots, stems, and leaves of sainfoin
nos. 25 and 33 were collected and immediately frozen in liquid
nitrogen and then kept at −80◦C for RNA extraction and
qPCR analyses.
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The seeds of alfalfa (Medicago sativa L., cultivar Zhongmu
no.1) used for the generation of transgenic hairy roots in this
study were stored at IAS-CAAS.

Extraction, Quantification, and
Identification of Flavonoid Compounds
The extraction and determination of total flavonoids,
proanthocyanidins, and anthocyanins were referred to our
previous study with slight modifications (Pang et al., 2007, 2009).
All reagents were purchased from Sinopharm Chemical Reagent
Company (Beijing, China). About 100mg of dried sainfoin
leaves was extracted with 5ml of 70% acetone (containing
0.5% acetic acid). After ultrasonication at 30◦C for 30min and
centrifugation at 2,500 rpm for 10min, the supernatant was
obtained. The supernatant was then transferred into a 15-ml
tube, and the residues were re-extracted two times as above.
For the determination of soluble proanthocyanidins, 2ml of
supernatant was extracted with 2ml chloroform to separate
hydrophilic from hydrophobic compounds. After centrifugation
at 2,500 rpm for 10min, the upper layer was retained and
extracted two times with an equal volume of chloroform.
Then, the supernatant was extracted with 500 µl of n-hexane
three times. The resulting lower phase was freeze-dried and
re-dissolved in 70% acetone extraction solution, and this solution
was stored at −20◦C for subsequent determination of soluble
PAs. The freeze-dried residues were used as a preliminary sample
to determine the content of insoluble PAs part.

For the analyses of soluble PAs, 50 µl sample was added
into 750 µl DMACA solution (0.2% [w/v] DMACA in
methanol-3N HCl [1:1]), and the mixture was determined
spectrophotometrically at 640 nm within 15min. The content of
soluble PAs was calculated according to the standard curve with
catechin as standard.

For the analyses of insoluble PAs, the insoluble part was
dissolved in 5ml n-butanol-HCl (v/v:95/5). After ultrasonication
at room temperature for 30min and centrifugation at 2,500 rpm
for 10min, the supernatant was detected at 550 nm as A550-1.
The supernatant was poured back into the precipitation solution
and boiled for 1 h. The absorbance of supernatant was measured
again at 550 nm after cool down to room temperature, which
was recorded as A550-2. The absorbance difference obtained by
subtracting A550-1 from A550-2 was calculated as insoluble PAs,
according to the standard curve of procyanidin B1 (Pang et al.,
2007, 2009).

For analyses of total flavonoids, the mature leaves of sainfoin
or transgenic alfalfa hairy roots were ground in liquid nitrogen
and lyophilized at −52◦C for 18 h. About 20mg of samples was
extracted with 1ml of 80% methanol, sonicated for 30min, and
then kept at 4◦C for 12 h, following sonication again as above
and then centrifuged at 10,000 rpm for 20min. Afterward, 400
µl water, 30 µl of 5% NaNO2, 30 µl of 10% AlCl3, 200 µl of
1M NaOH, and 240 µl water were added sequentially to 100
µl of the supernatant. The absorptions of mixture of total 1ml
were measured spectrophotometrically at 510 nm. Absorbance
values were converted into total flavonoids using a standard curve
with quercetin.

TABLE 1 | Content of soluble PAs, insoluble PAs, and total flavonoid determined

in leaves of 46 sainfoin germplasm resources.

Sample ID Soluble PAs

(mg/g)

Insoluble PAs

(mg/g)

Total flavonoid

(mg/g)

1 0.231 ± 0.189 0.520 ± 0.059 0.225 ± 0.009

2 27.319 ± 0.418 0.731 ± 0.082 0.180 ± 0.004

3 24.334 ± 0.837 1.339 ± 0.097 0.184 ± 0.009

4 17.461 ± 1.140 1.005 ± 0.056 0.129 ± 0.001

5 8.626 ± 1.621 0.653 ± 0.051 0.232 ± 0.006

6 18.785 ± 1.332 0.506 ± 0.043 0.127 ± 0.005

7 54.752 ± 1.846 3.412 ± 0.374 0.326 ± 0.010

8 14.343 ± 0.532 0.506 ± 0.043 0.132 ± 0.001

9 30.786 ± 1.766 0.731 ± 0.082 0.207 ± 0.010

10 13.477 ± 0.318 3.975 ± 0.327 0.162 ± 0.004

11 25.646 ± 3.515 0.959 ± 0.046 0.299 ± 0.005

12 39.766 ± 1.611 1.121 ± 0.045 0.267 ± 0.012

13 10.323 ± 1.425 2.157 ± 0.141 0.205 ± 0.010

14 33.675 ± 1.367 1.186 ± 0.030 0.201 ± 0.012

15 12.080 ± 0.454 0.880 ± 0.117 0.176 ± 0.007

16 34.879 ± 1.584 2.790 ± 0.134 0.288 ± 0.013

17 42.691 ± 3.202 1.110 ± 0.074 0.182 ± 0.012

18 22.902 ± 0.683 1.113 ± 0.076 0.213 ± 0.007

19 52.970 ± 0.445 2.249 ± 0.092 0.248 ± 0.009

20 12.730 ± 0.479 2.367 ± 0.146 0.161 ± 0.004

21 0.000 0.618 ± 0.050 0.091 ± 0.005

22 23.046 ± 1.445 0.885 ± 0.022 0.306 ± 0.002

23 48.252 ± 1.643 1.339 ± 0.097 0.392 ± 0.005

24 27.416 ± 1.372 2.249 ± 0.092 0.227 ± 0.005

25 49.491 ± 2.647 0.767 ± 0.052 0.277 ± 0.006

26 15.427 ± 1.096 1.121 ± 0.045 0.208 ± 0.001

27 22.649 ± 1.541 1.113 ± 0.076 0.133 ± 0.002

28 36.179 ± 3.080 1.571 ± 0.142 0.237 ± 0.010

29 33.061 ± 2.455 1.005 ± 0.056 0.193 ± 0.014

30 23.082 ± 0.900 1.467 ± 0.084 0.164 ± 0.006

31 33.964 ± 1.148 1.571 ± 0.142 0.233 ± 0.005

32 55.041 ± 2.497 1.262 ± 0.094 0.294 ± 0.005

33 0.000 0.608 ± 0.044 0.241 ± 0.007

34 3.630 ± 0.280 1.010 ± 0.039 0.199 ± 0.006

35 41.210 ± 3.531 3.082 ± 0.131 0.364 ± 0.013

36 42.450 ± 0.639 2.735 ± 0.045 0.255 ± 0.004

37 18.340 ± 1.018 1.110 ± 0.074 0.249 ± 0.006

38 6.279 ± 1.165 0.579 ± 0.051 0.190 ± 0.003

39 0.000 1.071 ± 0.189 0.121 ± 0.005

40 0.000 1.634 ± 0.103 0.205 ± 0.004

41 0.537 ± 0.388 0.618 ± 0.007 0.228 ± 0.006

42 40.765 ± 2.430 2.690 ± 0.156 0.228 ± 0.006

43 21.674 ± 1.575 4.354 ± 0.298 0.233 ± 0.003

44 6.965 ± 0.353 1.495 ± 0.065 0.173 ± 0.002

45 21.806 ± 0.461 1.262 ± 0.094 0.273 ± 0.011

46 8.590 ± 0.788 1.186 ± 0.030 0.196 ± 0.004

Data are presented as mean ± SD, with biological triplicates. Nos. 25 and 33 that were

bold respectively represent sainfoin samples with high or low proanthocyanidins content

for subsequent analyses.
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The fresh young leaves of sainfoin were grinded and freeze-
dried in a vacuum dryer. About 1ml of 80% MeOH was added
into 50mg leaf sample, sonicated at room temperature for
30min, and then stored at 4◦C overnight. After sonication as
above and centrifugation at 13,000 g for 10min, the supernatants
filtered through a 0.22-µm filter were used for subsequent
LC-MS analysis. A total of three biological replicates were set
up for each sample. For UPLC-MS analyses, chromatographic
separation was performed on an Agilent HPLC 6500 system with
a hybrid quadrupole time-of-flight (QTOF) Mass Spectrometer
(Agilent Technologies, Santa Clara, CA, USA) at 280 nm using
an Eclipse XDB-C18 reverse-phase column (4.6mm ×150mm,
5µm). The mobile phases A (100% methanol) and stationary
phase B (water containing 1% formic acid) were used at a flow
rate of 0.5 ml/min. The parameters and experimental conditions
of the instrument were as follows: re-equilibrium with 100%
A for 10min, A:B (v/v) gradient was 5:95 at 0min, 80:20 at
16min, 100:0 from 18 −20min, and 5:95 at 21min. The column
temperature was set at 30◦C and the injection volume was 15
µl555. The detection conditions of MS under negative ion (NI)
mode were as follows: sample temperature: 350◦C, scan range:
100–1,000 (m/z), desolvation gas (N2) flow: 800 L/h, cone gas
flow: 50 L/h, cone voltage−60V, and capillary voltage 2 kV for
NI mode.

For analyses of anthocyanins, 50mg of fresh hairy roots
was extracted with 500 µl of 80% methanol (containing 0.1%
hydrochloric acid), sonicated at room temperature for 30min,
centrifuged at 2,500 rpm for 10min, and transferred the
supernatant to a new tube. About 400 µl of supernatant was
added into 2-ml centrifuge tube containing 400 µl water and
400 µl chloroform and the mixture was centrifuged as above.
About 600 µl of supernatant was detected at 530 nm and the
anthocyanin content was calculated as previously reported (Pang
et al., 2007, 2009).

RNA Extraction, cDNA Library
Construction, High-Throughput
Sequencing and Transcriptome de novo

Assembly and Annotation
Young leaves of 3-month-old sainfoin plant nos. 25 and 33
were collected and used for RNA extraction by using PureLink
RNA Mini Kit (Promega, Shanghai, China) according to the
manufacturer’s instructions. Nanodrop 2000 was used to detect
the concentration and purity of RNA (A260/280:1.8-2.2; the
concentration: ≥200 ng/µl). About 1% of agarose gel was used
to detect RNA integrity, and the RNA integrity value (RIN > 8.0)
of those samples was assessed using the RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA,
USA). A total amount of 2 µg high-quality RNA per sample was
used as input material for the RNA-seq carried out by Zhongxing
Bomai Biotechnology Company (Beijing, China).

In details, mRNA purified from total RNAs was transcribed
into cDNA using a SuperScript Double-Stranded cDNA
Synthesis Kit (Invitrogen, Shanghai, China) with reverse
transcriptase and random primers. Then, cDNA was combined
into the Illumina Novoseq 6000 platform (Illumina, Shanghai,

China). Since sainfoin has no reference genome as a control,
all clean data were assembled de novo through Trinity
software (http://trinityrnaseq.sourceforge.net/;version, number:
trinityrnaseq-r2013-02-25). The longest sequence of clean reads
from contigs was selected as the representative sequence of each
gene for the follow-up transcriptome analyses. All the unigene
sequences were aligned with the NR, Swissprot, KEGG, and
COG databases using BLASTX to obtain the corresponding
annotation information. Unigene sequences were deposited
in the Sequence Read Archive (SRA) database at NCBI under
Bioproject ID: PRJNA810561.

Identification of Differentially Expressed
Genes, Function Annotation, and Analysis
of DEGs
Gene expression levels were calculated as fragments per kilobase
of exon model per million mapped reads (FPKM) using Bowtie
and RSEM (http://deweylab.biostat.wisc.edu/rsem/) (Li and
Dewey, 2011). DEGs of these two samples were identified from
standardized reads using programDeSeq2. The false discovery
rate (FDR)-corrected p-value (≤0.05) was used as threshold for
GO analysis and identification. FDR and fold change (FC) were
also used for evaluation of DEGs. Padj< 0.05 and |log2(FC)|>1.5
were set as the cutoff value to identify DEGs. The heat map was
plotted by TB tools (Chen et al., 2020a).

Gene function was annotated based on the following
databases: NCBI non-redundant protein sequences (NR), Gene
Ontology (GO), eukaryotic Clusters of Orthologous Groups of
proteins (KOG), Clusters of Orthologous Groups of proteins
(COG), Swiss-Prot (A manually annotated and reviewed protein
sequence database), and KEGG Ortholog database. DEGs
in KEGG pathways were conducted using FunRich software
(version:3.1.3). Clean reads were used to analyze the expression
level of the transcripts.

Cloning and Vector Construction
The open reading frame of OvMYBPA2 was amplified with
KOD with high fidelity DNA polymerase, and cDNAs obtained
from leaves of sainfoin no. 25. The primers OvMYBPA2F and
OvMYBPA2R used for cloning of OvMYBPA2 gene are listed
in Supplementary Table 2. PCR condition was as follows: 94◦C
for 3min, 35 cycles of 94◦C for 30 s, 55◦C for 30 s, 68◦C for
1min, and followed by a final extension of 68◦C for 7min.
PCR products were, respectively, cloned into the Gateway
Entry vector pENTR/D-TOPO and verified by sequencing.
The resulting entry vector of pENTR/D-OvMYBPA2 was then
transferred to the gateway plant transformation destination
vector pK7WG2D.1 using the gateway LR reaction to generate
pK7WG2D.1-OvMYBPA2 according to the manufacturer’s
instructions (Invitrogen, Carlsbad, USA).

Analyses of MYB Gene Family and
Phylogenetic Relationship
The deduced OvMYBPA2 (GenBank accession: OM929200)
protein sequences, together with MYB proteins related
to flavonoid synthesis from other legume plants
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FIGURE 1 | Analyses of transcriptome data from leaves of sainfoin. (A) Venn diagram showing the number of unigenes co-annotated to KEGG, NR, COG, and

Swiss-Prot database. (B) NR annotation shows the distribution of homologous species for unigenes of O. viciifolia. Compared to the NR database, the area of the

sector represents the proportion of unigenes that are homologous to the corresponding species. (C) COG classification of unigenes of O. viciifolia. The horizontal axis

represents 25 functional categories, and every category was displayed with different color bars, which are denoted by capital letters A∼Z. The vertical axis indicates

the number of unigenes with corresponding functional categories.

(Supplementary Table 3), were used for multiple alignment
with DNAMAN 9.0 software. For analyses of phylogenetic
relationship, thirty-seven MYB proteins related to flavonoid
synthesis from various plant species were aligned with
DNAMAN software, and then, the phylogenetic tree was
constructed by MEGA 11.0 software using the neighbor-joining
(NJ) model with 1,000 bootstrap replications.

Analyses of Gene Expression by Real-Time
Quantitative PCR
Samples from roots, stems, and leaves of sainfoin or alfalfa
hairy roots were ground in liquid nitrogen, and total RNAs

were extracted from different tissues using Eastep R© Super
total RNA Extraction Kit (Promega, Shanghai, China) according
to the manufacturer’s instructions. The first-stand cDNA was
synthesized from 500 ng total RNAs by using FastKing gDNA
Dispelling RT SuperMix (Tiangen, Beijing, China) according to
the manufacturer’s protocols. The RT-qPCRs were carried out on
ABI 7500 real-time Detection System (Applied Biosystems, USA)
using a 2×RealStar Green Fast Mixture (GeneStar, Being, China).
Actin-related protein 4A genes were used as house-keeping gene
as control in the RT-qPCR. The RT-qPCR conditions were as
follows: 95◦C for 2min, 40 cycles of 95◦C for 15s and 60◦C for
34s, 95◦C for 15s, 60◦C for 1min, 95◦C for 15s, and 60◦C for
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FIGURE 2 | Analyses on DEGs in leaves of two O. viciifolia samples. (A) Volcano plots of DEGs. The horizontal axis represents the values of Log2FoldChange of DEGs

in the samples of high PAs and low PAs groups, and the vertical axis represents the statistical significance of differences with p-value. Red represents upregulated

DEGs and green represents downregulated DEGs. (B) Gene number of upregulated DEGs and downregulated DEGs. (C) Enrichment analyses of KEGG function of

upregulated DEGs with 1,160 genes. (D) Enrichment analyses of KEGG function of downregulated DEGs with 448 genes. The horizontal axis is the fold enrichment

factor, and the vertical axis is the KEGG pathway. The bubbles represent the number of genes. Different colors represent significance of differences (p-value).

15s. Each reaction was performed with three biological replicates,
and the relative transcript levels were calculated compared
to the internal control using the 2−11CT method. The data
were presented as means ± standard. The primer used in this
study was designed using the Premier 5.0 software, and primer
sequences are listed in Supplementary Table 2.

Generation and Identification of
Transgenic Alfalfa Hairy Roots Mediated by
Agrobacterium
The pK7WG2D.1-OvMYBPA2 plasmids confirmed by
sequencing were transformed into the Agrobacterium rhizogenes
strain Arqual I. The seeds of alfalfa were treated in sequence
with concentrated sulfuric acid, sodium hypochlorite, and sterile
water, spread flat onMSmedium, and vernalized in a refrigerator
at 4◦C for 3 days. The hypocotyl parts were infected with Arqual
I containing the above-mentioned plasmids and incubated on
the F agar medium until the generation of hairy roots. The hairy

roots were then transferred onto B5 medium containing 50 mg/L
kanamycin for selection. Hairy roots of about 90 days old were
ground in liquid nitrogen, and DNA was extracted with modified
CTAB method (Drabkova, 2014). PCRs for the identification
of positive hairy root lines were performed with Taq DNA
polymerase with the same above PCR condition for gene cloning.
The transgenic hairy roots of 90 days old were confirmed by PCR
and RT-qPCR, and the positive lines were selected for analysis
of anthocyanins, soluble PAs, and total flavonoids using the
above-mentioned methods.

RESULTS

Analyses of Proanthocyanidins and Total
Flavonoids in Leaves of Sainfoin
During the quality evaluation of sainfoin, main flavonoids
including soluble PAs, insoluble Pas, and total flavonoids were
determined spectrophotometrically in 46 germplasm resources
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FIGURE 3 | Relative expression levels of pathway genes in different tissues of O. viciifolia. The horizontal axis is different tissues (root, stem, and leaf) of HPAs sainfoin,

and the vertical axis is relative expression levels. OvCHS (A), OvCHI (B), OvF3H (C), OvF3’H (D), OvF3’5H (E), OvDFR (F), OvANS (G), OvLAR (H), and OvANR (I).

(J,K) Soluble (J) and insoluble proanthocyanidins (K) content in root, stem, and leaf of HPAs sainfoin. Error bar depicts the standard error of mean ± SD of three

biological replicates. Significance of differences was represented with one asterisk (p < 0.05) and two asterisks (p < 0.01).

collected from home and abroad (Supplementary Table 1). It
was revealed that soluble PA contents in leaves of 46 sainfoin
germplasm resources ranged from 0 to 55.041 mg/g (Table 1).
Among them, soluble PA contents in five of themwere more than

45 mg/g (nos. 7, 19, 23, 25, and 32) (Table 1), whereas no PAs
were detected in another four of them (nos. 21, 33, 39, and 40)
(Table 1). Measurement on insoluble PAs content showed that it
ranged from 0.506 to 4.354 mg/g, and the insoluble PAs did not
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FIGURE 4 | Expression levels of MYB transcription factor genes in two sainfoin samples. The heat map was drawn by TBtools with the Log2FPKM values of 60 MYBs

in O. viciifolia with high PAs and low PAs. Different colors depict different expression levels, red means higher expression levels, and green means lower expression

levels. Red box represents the MYB named as OvMYBPA2 that was subsequently cloned and functionally validated in this study.

show significant difference as soluble PAs among 46 germplasm
resources (Table 1). We also determined total flavonoids and
found that it ranged from 0.091 to 0.396 mg/g (Table 1). These
data showed that soluble PAs content varied significantly in leaves

of these 46 sainfoin germplasm resources, whereas insoluble PAs
content and total flavonoid content did not (Table 1).

A total of four sainfoin germplasm resources with relative
higher soluble PAs content (nos. 7, 19, 25, and 32), and another
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FIGURE 5 | Multiple sequence alignment and evolutionary relationship of OvMYBPA2. (A) Alignment of amino acids sequence of OvMYBPA2 with other MYBs (e.g.,

LjTT2a, AtTT2, VvMYBPA1, VvMYBPA2, ZmC1, and ZmP1) that were related to proanthocyanidins biosynthesis. The R2 and R3 repeats of MYB conserved domain

were marked with black line. The five asterisks indicate conserved W residues. The bHLH-binding domains were indicated in dashed red lines (B) phylogenetic

analysis of OvMYBPA2 and other MYB proteins related to proanthocyanidins, anthocyanidins, and flavonoid biosynthesis. OvMYBPA2 was highlighted with a red box.

The sequence information for all the MYB transcription factors was downloaded from the GenBank database and listed in Supplementary Table 3.

Frontiers in Plant Science | www.frontiersin.org 9 June 2022 | Volume 13 | Article 9419184243

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Jin et al. OvMYBPA2 From Sainfoin

FIGURE 6 | Over-expression of OvMYBPA2 in alfalfa hairy roots. (A) Phenotype of control hairy roots grown on B5 medium. (B) Phenotype of

OvMYBPA2-over-expressing hairy roots grown on B5 medium. (C) Relative expression levels of OvMYBPA2 in transgenic hairy roots and control hairy roots (CK). (D)

Proanthocyanidins content in different transgenic hairy root lines. (E,F) Relative content of anthocyanidin (E) and flavonoids (F). Error bar depicts the standard error of

mean ± SD of three biological replicates. Significance of differences are indicated with one asterisk (p < 0.05) and two asterisk (p < 0.01).
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four (nos. 21, 33, 39, and 40) with relatively lower soluble PAs
content, were selected and their leaves were tested at different
sampling times. Among them, the soluble PA content in nos.
25 and 33 maintained stable, and they thus were selected for
further analyses as high PA sample (no. 25, HPAs) and low PA
sample (no. 33, LPAs).

The composition of flavonoids in leaves of sainfoin nos. 25
and 33 was further subjected for LC-MS analyses. Several peaks
were identified and their content in these two samples was
different (Supplementary Table 4; Supplementary Figure 1).
Combining UV spectrograms, mass spectra, and previous
reports (Regos et al., 2009; Regos and Treutter, 2010),
the contents of eight compounds, namely, quercetin-3-O-
rutinoside, kaempferol-3-O-rutinoside, kaempferol, quercetin,
L-tryptophan, p-coumaroylquinic acid, myricetin 3-O-
rhamnoglucoside, and caffeoylquinic acid, were different in
these two samples (Supplementary Table 4). Among them, four
compounds, including quercetin-3-O-rutinoside, kaempferol-
3-O-rutinoside, quercetin, and kaempferol, were higher in no.
25 than in no. 33, whereas quercetin, L-tryptophan, myricetin
3-O-rhamnoglucoside, and caffeoylquinic acid were only found
in no. 25. A total of five remaining peaks could not be identified
based on available data, and their contents in nos. 25 and 33 were
different (Supplementary Table 4). Meanwhile, no monomers,
dimers, or other low molecular oligomers were identified in
leaves of these two sainfoin samples by LC-MS under present
detection condition (Supplementary Figure 1).

Transcriptome Sequencing and Annotation
In this study, Illumina Hi-Seq paired-end sequencing technology
was used to analyze the transcriptome of sainfoin leaves. Total
RNAs were extracted and assessed, and no. 25 with high PAs
and no. 33 with low PAs were established and sequenced with
triplicates. As a result, a total of more than 40 billion high-quality
clean reads after filtration were produced. The Q20 and Q30
of each sample were not less than 98.3 and 94.5%, respectively,
and the GC content of each samples was between 43 and 45%
(Supplementary Table 5). The clean reads were assembled by
Trinity software to 52,926 transcripts with an average length of
1,063 bp and an N50 contig size of 1,587 bp after removing
redundant transcripts, with the GC content of assembled
unigenes of 40.14% (Supplementary Table 5). The length of
the largest transcript and smallest transcript was, respectively,
14,543 and 301 bp. The length of N50 was higher than the
average length of assembled unigenes (Supplementary Table 6).
These data indicated that the quality of this sequencing met the
requirements for subsequent transcriptome analysis.

All unigenes in accordance with the public databases NR,
COG, KOG, KEGG, GO, Swisss-Prot were searched using
BLASTX (E-value<10−5) for functional annotations. A total of
52,926 unigenes (100%) were annotated in the six databases. A
total of 37,398 transcripts (70.6%) were significantly matched
with NR database, and 32,472 (61.4%), 18,743 (35.4%), 17,312
(32.7%), 17,912 (33.8%), and 28,016 (52.9%) unigenes matched
with COG, KOG, KEGG, GO, Swiss-Prot databases, respectively
(Supplementary Table 7). It can be found that some unigenes
could not be annotated with these database, and it is possible that

these unannotated unigenes are unique to sainfoin and require
more advanced sequencing techniques for further analyses. A
Venn diagram showed that a total of 15,683 unigenes were
co-annotated in KEGG, NR, COG, and Swiss-Prot databases
(Figure 1A).

By comparing with the NR library, the annotated transcript
of sainfoin was related to the following species with different
transcriptome amount and percentage: Cicer arietinum (8,609,
23%), Medicago truncatula (5,913, 15.8%), Abrus precatorius
(3,194,8.5%), Trifolium pratense (3,101, 8.3%), Trifolium
subterraneum (2,515,6.7%), and Spatholobus suberectus (2,369,
6.3%) (Figure 1B). The results revealed that sainfoin had a
relatively high homology with C. arietinum and M. truncatula,
and they both belong to the legume family as sainfoin.

Using the GO database, clustering analysis of gene functions
was annotated and classified according to the three aspects of
biological process (BP), cellular component (CC), and molecular
function (MF), and these three terms were mainly categorized
into 60 subcategories. For the BP category, organic substance
metabolic process (10,167), cellular metabolic process (10,142),
primary metabolic process (9,514), and nitrogen compound
metabolic process (8,558) were the most dominant subcategories
(Supplementary Figure 2). In the subcategories of cellular
components, genes were mainly annotated in organelle (11,620),
cytoplasm (9,719), membrane (5,975), and cell periphery (4,136).
The most enriched terms in molecular function were transferase
activity (3,599), organic cyclic compound binding (3,570),
heterocyclic compound binding (3,553), and hydrolase activity
(3,526, Supplementary Figure 2).

For COG annotation, a total of 32,472 unigenes were divided
to 25 groups. Signal transduction mechanism (T, 3,919) was the
most abundant group (Figure 1C). According to the classification
results, 1,080 genes were annotated to the group of secondary
metabolites biosynthesis, transport, and catabolism (Q), and it
can be hypothesized that these genes may be closely associated
with metabolome variability in the leaves of sainfoin (Figure 1C).

Analysis of KEGG pathway genes was also performed, and
a total of 17,312 unigenes (32.7%) were mapped to KEGG
database. These unigenes were divided into five groups, namely,
metabolism, genetic information processing, environmental
information processing, cellular processes, and organismal
systems, and they were further divided into 32 pathways
(Supplementary Figure 3). Among these, carbohydrate
metabolism (1,360), translation (1,147), signal transduction
(2,682), transport and catabolism (1,110), and immune
system (1,074) were the top five subcategories. Among these
pathways, 124 and 17 genes were, respectively, associated with
phenylpropanoid biosynthesis and flavonoid biosynthesis, and
ko00940 was the most abundant pathway with enriched genes in
phenylpropanoid biosynthesis (Supplementary Figure 3).

Analyses of Differentially Expressed Genes
Between HPAs and LPAs Sainfoin
To investigate DEGs that may be related to flavonoid metabolism
between HPAs and LPAs, especially those related to PA
biosynthesis, we performed a comparative analysis of the
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transcriptome of these two samples. The intergroup correlation
values were not less than 0.93 among these two samples with
triplicates (Supplementary Table 8), indicating that these six
samples have high correlation and the subsequent analysis on
differentially expressed genes was reliable.

The distribution of differences in gene expression levels was
determined between HPAs and LPAs by constructing a volcano
plot (Figure 2A). |Log2(fold change)| ≥1.5 and Padj≤0.05 were
set as thresholds to screen significant differentially expressed
genes, and it was found that 1,608 genes were differentially
expressed between the transcriptome of HPAs and LPAs,
including 1,160 genes (expression level in HPAs/LPAs) that were
upregulated and 448 genes that were downregulated (Figure 2B).

To analyze the major functional terms of these DEGs, we
performed GO enrichment analysis with both upregulated and
downregulated genes, respectively. Protein-containing complex,
gene expression, ribonucleoprotein complex, structural molecule
activity, and ribosome were the top five terms of GO enrichment
analysis for the upregulated genes (Supplementary Figure 4).
The top four terms of GO enrichment analysis for the
downregulated genes were anion transmembrane transport,
anion transmembrane transporter activity, organic anion
transport, and anion transport (Supplementary Figure 5).

To analyze potential pathways involved in flavonoid
metabolism, KEGG enrichment analysis was performed with
all DEGs. KEGG enrichment analysis with the fold enrich
factor, Q-value, and the count of genes in a given pathway
were shown in bubble plots (Figures 2C,D). A total of 1,160
upregulated genes were mapped to 244 pathways and mainly
enriched in ribosome (218), ribosome biogenesis in eukaryotes
(18), pathogenic Escherichia coli infection (7), photosynthesis
(10), and necroptosis (13, Figure 2C). All 448 downregulated
genes were mapped to 132 pathways and mainly annotated to
biosynthesis of secondary metabolites (40), sesquiterpenoid and
triterpenoid biosynthesis (7), phenylpropanoid biosynthesis
(10), and flavonoid biosynthesis (5, Figure 2D). The KEGG
analysis for the downregulated genes showed that HPAs sainfoin
had more DEGs enriched in secondary metabolite biosynthesis
pathway and phenylpropanoid biosynthesis pathway than in
flavonoid synthesis pathway compared with LPAs sainfoin. This
result suggested that the PAs content in the leaves of HPAs
sainfoin might be due to the downregulated of DEGs in the
flavonoid synthesis pathway.

Analysis of Differentially Expressed Genes
Associated With PA Pathway
To understand the mechanism of flavonoid synthesis in
sainfoin, we analyzed and categorized genes involved in
flavonoid pathway from the transcriptome data and showed
the expression levels of several representative structural
genes in HPAs and LPAs sainfoin. Gene expression patterns
of structural gene including CHS, CHI, F3H, F3’H, F3’5’H,
DFR, ANS, LAR, and ANR were represented by the FPKM
values and Log2FC (Supplementary Table 9). According to
these data, it was obviously that the structural genes related
to flavonoids biosynthesis had different expression patterns

between HPAs and LPAs (Supplementary Table 9). It was found
that upstream genes of the flavonoid pathway were mostly
downregulated, such as CHS (TRINITY_DN1298_c0_g1_i1,
TRINITY_DN613_c0_g1_i2, TRINITY_DN20751_c0_g1_i1,
TRINITY_DN320_c0_g1_i4), CHI
(TRINITY_DN12115_c0_g1_i1, TRINITY_DN586_c0_g2_i3),
F3H (TRINITY_DN4402_c0_g1_i1), F3’H
(TRINITY_DN1854_c0_g1_i3), and F3’5’H
(TRINITY_DN2008_c0_g1_i3) (Supplementary Table 9).
However, several downstream genes were upregulated
genes such as DFR (TRINITY_DN282_c0_g1_i15),
LAR (TRINITY_DN11234_c1_g1_i2), and ANR
(TRINITY_DN293_c0_g2_i1) in the later flavonoid pathway for
PA biosynthesis (Supplementary Table 9).

To further investigate the expression of nine structural genes
in different tissues, we analyzed their expression level using RT-
qPCR in the roots, stems, and leaves of sainfoin with HPAs. It
was shown that the expression of CHS and ANS shared a similar
expression pattern which were both higher in roots than in stems
and leaves (Figures 3A,G).CHI, F3’H,DFR, and LARwere highly
expressed in stems than in roots and leaves (Figures 3B,D,F,H),
and the expression levels of F3H, F3’5’H, and ANR were
higher in leaves than in stems or roots (Figures 3C,E,I). It was
worth noting that the expression levels of F3’5’H and ANR
were relatively higher than other genes, in particular in leaves
(Figures 3E,I). In addition, we also analyzed both soluble PAs
and insoluble PAs in roots, stems, and leaves of in this sainfoin
and found that both soluble and insoluble PA contents were
higher in leaves than in roots or stems (Figures 3J,K). It was
thus speculated that F3’5’H and ANR are the key genes for PAs
biosynthesis in leaves of sainfoin.

Many studies have shown that flavonoid pathway was mainly
regulated by transcription factor complex composing of MYB,
bHLH, and WD40. Hence, we also investigated the expression
levels of all putative MYB, bHLH, and WD40 genes that
were differentially expressed in two sainfoin samples (Figure 4;
Supplementary Figures 6, 7). The expression levels of total 60
MYBs, 113 bHLHs, and 19 WD40 genes were compared and
shown in heat map (Figure 4; Supplementary Figures 6, 7).
Among the MBW complex proteins, MYB is the key player
by controlling the biosynthesis of PAs via enhancing or
inhibiting the expression of structural genes (Hichri et al.,
2011); therefore, we focused on MYB genes and found that
17 MYB genes were upregulated in HPAs when compared to
LPAs (Figure 4), suggesting that these TFs may be associated
with PAs biosynthesis in sainfoin. Among them, one unigene
(TRINITY_DN16354_c1_g1_i1) was upregulated by 1.5-fold in
the HPAs sample (Figure 4), and it showed high sequence
similarity with other MYB genes involved in PA pathway, which
were therefore selected as candidate genes for further analyses.

Multiple Sequence Alignment and
Phylogenetic Analysis of OvMYBPA2 Gene
To further characterize the function of the selected MYB gene,
its open reading frame was cloned and named as OvMYBPA2
(under GenBank accession number OM929200). The ORF of
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OvMYBPA2 is 825 bp in length, which encodes a putative
protein of 274 amino acid. The deduced OvMYBPA2 protein
showed ∼40% similarity to ZmC1 from maize, VvMYBPA1
and VvMYBPA2 from grape, AtTT2 from Arabidopsis, and 53%
to LjTT2a from L. japonicus (Figure 5A). Multiple sequence
alignment withMYB genes from other plant species revealed that
OvMYBPA2 has a highly homologous conserved R2R3 DNA-
binding domains at the N-terminus, whereas the C-terminus
differed significantly in sequence and length (Figure 5A), and
the bHLH-binding domain was identical to those of LjTT2a,
VvMYBPA1/A2, ZmC1, and ZmP1 (Figure 5A).

OvMYBPA2 and several MYBs from other plant species
that regulate PAs, anthocyanins, and flavonoids biosynthesis
were used for phylogenetic analysis, and it showed that these
MYBs formed three distinct clades, including the anthocyanin
clade containing AtPAP1, AtPAP2, and MtLAP1, the PA clade
containing AtTT2, and the flavonoid clade containing AtMYB5
and AtMYB4 (Figure 5B). OvMYBPA2 was clustered within the
PA clade containing LjTT2a, AtTT2, VvMYBPA2, ZmC1, and
ZmP1, suggesting that OvMYBPA2 may have a similar function
in PAs regulation in sainfoin (Figure 5B).

Over-expression of OvMYBPA2 Gene in
Alfalfa Hairy Roots
To further determine the in vivo regulatory function of
OvMYBPA2, we over-expressed it in hairy roots of alfalfa, a
target forage crop for PA bioengineering. A total of fifty-three
positive transgenic hairy root lines were successfully generated
and further confirmed by PCRs (Figures 6A,B). The expression
level ofOvMYBPA2was confirmed by RT-qPCR analyses in seven
representative hairy root lines, but no OvMYBPA2 expression
was detected in the vector control line (Figure 6C). RT-qPCRs
showed that the expression of OvMYBPA2 was activated to
various levels in different hairy roots lines as compared to the
control hairy roots (Figure 6C). Among them, three lines (nos. 1,
4, and 6) with relatively high expression level and stable growth
condition were propagated and selected for further analyses.

We found that anthocyanin contents in hairy root lines
nos.1, 4, and 6 were significantly reduced by 73, 67, and
82% as compared to the control line (Figure 6D). Soluble
PA content was 4.10, 2.10, and 2.14 mg/g FW in the hairy
root line nos.1, 4, and 6, respectively, and that in the control
line was negligible (Figure 6E). Total flavonoids in hairy
root lines nos.1, 4, and 6 were 9.38, 5.98, and 8.90 times
as compared to the control hairy root line (Figure 6F).
Taken together, these data clearly indicated that over-
expression of OvMYBPA2 promoted flavonoid accumulation,

in particular proanthocyanidins accumulation in alfalfa
hairy roots.

DISCUSSION

Sainfoin is a high-quality forage grass, which is widely cultivated
in western China, and it is the second legume grass after alfalfa
in term of cultivation area and yield. In particular, some sainfoin
contained a large amount of flavonoid, specifically PAs, which is

absent in foliage of alfalfa. In this study, we analyzed flavonoid
and PAs content in leaves of 46 sainfoin germplasm resources and
found that soluble PA varied significantly, but total flavonoids
and insoluble PAs did not show much difference (Table 1), and
these data indicated that the difference in flavonoids content is
mainly contributed by soluble PAs in sainfoin. This characteristic
of sainfoin is distinct from the other forage crop alfalfa and
its close relative M. truncatula, which did not accumulate
PAs in the foliage tissues, but in the seed coats (Pang et al.,
2007).

In addition to soluble PAs, a few flavonoid compounds
were also identified, although they showed difference in
composition, but their amount was not as significant as soluble
proanthocyanidins (Table 1; Supplementary Figure 1). It was
found that eight flavonoid compounds accumulated in both
sainfoin, which was consistent with a previous report in
terms of flavonoid composition (Regos and Treutter, 2010).
It was notable that no proanthocyanidin monomers such as
(epi)catehicn, (epi)afzenin or (epi)gallocatechins, or dimmers
were detected in leaves of sainfoin by HPLC-MS in our
study (Supplementary Figure 1), which was different from other
plant, for examples, Arabidopsis, M. truncatula, or grape that
accumulate free monomer of different types (Lepiniec et al., 2006;
Pang et al., 2007; Chen et al., 2020b). On the one hand, these
phenomena could be explained by extraction and identification
method for these two representative samples. On the other
hand, it is possible that a large amount of proanthocyanidin
were in the form of high polymerization degree, and the
identification of high molecule PAs is still challenging. Therefore,
the degree of polymerization of proanthocyanidins in sainfoin
requires further investigation with improved method in the
near future.

With the development of molecular biology technologies,
RNA-sequencing has become an effective strategy to investigate
the transcriptome of non-model plant species. This method
has been widely used to mine and investigate genes related to
a certain pathway in plants. For example, Bai et al. analyzed
the key genes related to flavonoid synthesis in Scutellaria
viscidula using transcriptome sequencing (Bai et al., 2018), and
Sun et al. mined MYB genes regulating flavonoid synthesis
in Zanthoxylum bungeanum with transcriptome analysis (Sun
et al., 2019). We also identified a number of genes related
to isoflavonoid puerarin biosynthesis in kudzu in the previous
study (Shen et al., 2021). Currently, no genome information
is available for sainfoin, so this study is the first report on
transcriptome sequencing of sainfoin to mine genes regulating
biosynthesis of proanthocyanidins in sainfoin. A total of
two sainfoins with high and low proanthocyanidin contents
were used to compare the expression level of potential
pathway genes, and our results showed that the transcripts
of sainfoin leaves were closely related to legume plants such
as C. arietinum, M. truncatula, and T. pratense (Figure 1),
indicating that they may share common functional genes
as they share close evolutionary relationship (Koenen et al.,
2020).

The comparison of these two sainfoin resulted in the
identification of more than one thousands unigenes that were
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differentially expressed in these two samples (Figure 2), with
enriched genes in phenylpropanoid pathway and secondary
metabolic pathway, and these genes are most like involved
in the regulation of proanthocyanidins. Analysis of these
differentially expressed genes showed that a number of MYB,
bHLH, and WD40 genes were differentially expressed (Figure 4;
Supplementary Figures 6, 7). In particular, RT-qPCR showed
that the key enzyme genes of flavonoid synthesis pathway
were expressed in different tissues at different levels (Figure 3).
In particular, F3’5’H and ANR genes were preferentially
expressed in leaves of HPAs sainfoin, which is likely responsible
for high content of PAs in leaves (Figure 3). F3’5’H is
responsible for the hydroxylation of flavonoid in 3’ and 5’
hydroxy group in the B-ring, which is likely responsible for
epigallocatechin and further for proanthocyanidin biosynthesis
in sainfoin as previously reported (Regos and Treutter, 2010).
In proanthocyanidin-rich plants like tea and grapes, F3’5’H
gene was expanded or was expressed with relatively high
level (Falginella et al., 2010; Li et al., 2014; Jin et al., 2017),
which is highly correlated with proanthocyanidin accumulation.
ANR is a key enzyme for the biosynthesis of epicatechins
in plant, which is highly correlated with proanthocyanidins
accumulation as a marker gene as reported in M. truncatula
(Pang et al., 2007; Liu et al., 2014). Therefore, it is reasonable
to deduce that differentially expressed genes could be potential
candidate genes for proanthocyanidin accumulation in leaves
of sainfoin.

MYB transcription factors are involved in many secondary
metabolic pathways (Allan and Espley, 2018; Deng et al.,
2020; Chen et al., 2021), and MYB in the MBW complex
is essential for the biosynthesis of proanthocyanidins in
many plant species (Li, 2014; Liu et al., 2014; An et al., 2018;
Wang et al., 2019). In this study, we identified one of the
differentially expressed MYB genes, OvMYBPA2, and found
that it was expressed higher in leaves of HPAs sainfoin than
in LPAs sainfoin (Figure 4), showing high sequence similarity
with other MYBs involved in proanthocyanidin pathway
(Figure 5), such as AtTT2 from Arabidopsis and LjTT2a from
L. japonicus, these genes are the key players in the regulation
of proanthocyanidins (Nesi et al., 2001; Yoshida et al., 2008),
and many MYB genes in proanthocyanidin pathway were
also applied in bioengineering of proanthocyanidins (Pang
et al., 2008; Hancock et al., 2012; Gourlay et al., 2020). In
the bioengineering of secondary metabolism, hairy roots are
an ideal system for the characterization of many functional
genes (Pang et al., 2008; Verdier et al., 2012; Hao et al., 2020).
In previous studies, over-expression of AtTT2, or MtPAR1,
promoted the accumulation of proanthocyanidins in hairy
roots of the model legume plant M. truncatula (Pang et al.,
2008; Verdier et al., 2012; Liu et al., 2014). Since no stable
transformation is available for sainfoin, therefore, we over-
expressed OvMYBPA2 in hairy roots of alfalfa, a main target
plants for proanthocyanidin bioengineering. When OvMYBPA2
was over-expressed in hairy roots of alfalfa, anthocyanins
were decreased with the increase of proanthocyanidins
(Figure 6), indicating that anthocyanins were re-directed
to the proanthocyanidin branch by the over-expression of

OvMYBPA2. Besides anthocyanins, total flavonoids were
also highly increased in the OvMYBPA2 over-expression
lines (Figure 6), indicating OvMYBPA2 activated entire
flavonoid to provide more flux for proanthocyanidin branch.
Whether or not OvMYBPA2 could activate proanthocyanidins
in alfalfa plants besides hairy roots is currently under
further investigation.

With the development of biology technology, RNA-seq

has been proven to be a mature technique to mine genes
related to biological functions. In this study, comparative

transcriptome of two sainfoin resources revealed a number
of genes related to proanthocyanidin biosynthesis in

leaves, which is a golden mine for further exploration of
functional genes in proanthocyanidins pathway. Besides
OvMYBPA2, other fifty-nine MYB genes were also differentially
expressed in two sainfoin of HPAs or LPAs, which might

be the key activators or suppressors for PA biosynthesis
in leaves, and the regulatory mechanism of them will be
investigated further.
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Platycodin D (PD) is a deglycosylated triterpene saponin with much higher pharmacological 
activity than glycosylated platycoside E (PE). Extensive studies in vitro showed that the 
transformation of platycoside E to platycodin D can be achieved using β-glucosidase 
extracted from several bacteria. However, whether similar enzymes in Platycodon 
grandiflorus could convert platycoside E to platycodin D, as well as the molecular 
mechanism underlying the deglycosylation process of platycodon E, remain unclear. Here, 
we identified a β-glucosidase in P. grandiflorus from our previous RNA-seq analysis, with 
a full-length cDNA of 1,488 bp encoding 495 amino acids. Bioinformatics and phylogenetic 
analyses showed that β-glucosidases in P. grandiflorus have high homology with other 
plant β-glucosidases. Subcellular localization showed that there is no subcellular preference 
for its encoding gene. β-glucosidase was successfully expressed as 6 × His-tagged fusion 
protein in Escherichia coli BL21 (DE3). Western blot analysis yielded a recombinant protein 
of approximately 68 kDa. In vitro enzymatic reactions determined that β-glucosidase was 
functional and could convert PE to PD. RT-qPCR analysis showed that the expression 
level of β-glucosidase was higher at night than during the day, with the highest expression 
level between 9:00 and 12:00 at night. Analysis of the promoter sequence showed many 
light-responsive cis-acting elements, suggesting that the light might regulate the gene. 
The results will contribute to the further study of the biosynthesis and metabolism regulation 
of triterpenoid saponins in P. grandiflorus.

Keywords: Platycodon grandiflorus, triterpenoid saponins, β-glucosidase, subcellular localization, functional 
characterization
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INTRODUCTION

Platycodon grandiflorus (Jacq.) A. DC. is a perennial herb of 
the family Campanulaceae, the roots (Platycodi radix) of which 
are used as medicinal herbs in Northeast Asia for their curative 
effect on respiratory diseases, including bronchitis, tonsillitis, 
sore throat, asthma, and tuberculosis (Lee et  al., 2012; Zhang 
et  al., 2015). Oleanane-type triterpenoid saponins, especially 
platycodin D [formal name: 3β-(β-D-glucopyranosyloxy)-2β,  
16α, 23, 24-tetrahydroxy-O-D-apio-β-D-furanosyl-(1 → 3)-O-β-D-
xylopyranosyl-(1 → 4)-O-6-deoxy-olean-12-en-28-oic acid, PD], 
are the major active components in P. grandiflorus. PD exhibits 
a wide range of pharmacological effects, including anti-
atherosclerosis (Wu et  al., 2012), anti-obesity (Lee et  al., 2012), 
anti-inflammation (Guo et  al., 2021), anti-oxidant (Wang et  al., 
2018), anti-aging (Shi et al., 2020), and anti-cancer (Huang et al., 
2019) effects, as well as possesses excellent application and 
development potential.

PD consists of a main oleanane-type backbone with C3-Glc 
and C28-O-Api-Xyl-Rha-Ara. In addition, platycoside E (PE) 
is a major platycoside, accounting for more than 20% content 
of the platycodi radix platycosides (Yoo et  al., 2011). The 
chemical structure of PE includes only two more glucosyl 
groups (at the C3 position) than PD (Supplementary Figure 1). 
Leaves of P. grandiflorus are rich in PE, which were discarded 
when collecting medicinal plants. (Shin et  al., 2019; Su et  al., 
2021; Yu et  al., 2021). Reducing the PE content-a lot of which 
is wasted a lot in actual production-may increase the PD 
content of P. grandiflorus plants. The pharmacological activities 
of deglycosylated ginsenosides are considerably higher than 
those of glycosylated ginsenosides (Shin and Oh, 2016), owing 
to theirs’ lower molecular weight, better hydrophobicity, and 
easier absorption in the human gastrointestinal tract. Therefore, 
several studies have investigated the deglycosylation of 
platycosides using various methods. Biotransformation, especially, 
displays the highest selectivity and productivity. PD is a 
deglycosylated triterpene saponin, whereas PE is a glycosylated 
triterpene saponin.

β-glucosidases (β-D-glucoside glucohydrolase, EC 3.2.1.21) 
are involved in diverse cellular functions (e.g., they hydrolyze 
the glycosidic bonds of alkyl-, amino-, or aryl-β-D glucosides, 
cyanogenic glucosides, disaccharides, and short oligosaccharides), 
and are ubiquitous enzymes found in archaea, eubacteria, and 
eukaryotes (Bhatia et al., 2002; Ketudat Cairns and Esen, 2010). 
These enzymes are involved in glycolipids breakdown and 
glucose release in plants to meet their metabolic needs (e.g., 
for cell growth and wall remodeling; Chuenchor et  al., 2008; 
Horikoshi et  al., 2022). β-glucosidases also display a range of 
aglycone specificities, a few of which show almost absolute 
specificity for one sugar and one aglycone, while others accept 
a range of either glycones or aglycones, or both (Baglioni 
et  al., 2021; Dziadas et  al., 2021; Prieto et  al., 2021). They 
have been extensively studied in the biotransformation of PE 
to PD. The enzymatic biotransformation of PE to PD in vitro 
has been demonstrated in various studies using β-galactosidase 
from Aspergillus oryzae (Ha et  al., 2010), snailase (Li et  al., 
2012b), laminarinase (Jeong et  al., 2014), β-glucosidase from 

Aspergillus usamii (Ahn et al., 2018), recombinant β-glucosidases 
from Caldicellulosiruptor bescii (Kil et  al., 2019), and cytolase 
(Shin et  al., 2020). We  further speculated that there might 
be  a deglycosylase in P. grandiflorus, which could also catalyze 
the conversion of PE into PD (Su et  al., 2021). Although great 
progress has been made in the study of how enzymes catalyzed 
the conversion of PE to PD, little is known about the β-glucosidase 
gene with this function in P. grandiflorus. Therefore, the present 
study aimed to investigate the β-glucosidase gene from 
P. grandiflorus using complementary DNA (cDNA) cloning and 
in vitro enzymatic characterization. Our findings may provide 
new insights into the analysis and regulation of the PD 
biosynthetic pathway in P. grandiflorus.

MATERIALS AND METHODS

Plant Materials
Platycodon grandiflorus plants used in this study were the same 
materials described by Su et  al. (2021). The specimen of 
P. grandiflorus was deposited in the Herbarium of Anhui 
University of Chinese Medicine (depository number 20200705). 
Samples were collected at 6:00 am, 9:00 am, 12:00 am, 3:00 pm, 
6:00 pm, 9:00 pm, and 12:00 pm, 3 days in a row and immediately 
stored in liquid nitrogen for subsequent total RNA isolation. 
Three biological replicates were performed for each sample.

Total RNA Preparation, cDNA Synthesis 
and RT-qPCR
Total RNA was extracted using TRNzol Universal Reagent 
(Tiangen Biotech Co., Ltd., Beijing, China) according to the 
manufacturer’s instructions. Each total RNA sample was qualified 
and quantified using the ultramicro spectrophotometer DS-11 
(DeNovix, Wilmington, Delaware, USA). cDNA was synthesized 
using the FastKing RT Kit (Tiangen Biotech Co., Ltd., Beijing, 
China). SuperReal PreMix Plus (Tiangen Biotech Co., Ltd., 
Beijing, China) was used for RT-qPCR on the LightCycle480 
platform (Roche, Switzerland) to determine the mRNA 
transcriptional levels of the genes encoding β-glucosidase and 
β-amyrin synthase (β-AS, GenBank: KY412556.1) in 
P. grandiflorus. The mRNA of 18sRNA was used as an internal 
reference. Three biological replicates were used, and the relative 
expression of the mRNA level was calculated using the 2−ΔΔCt 
method (Livak and Schmittgen, 2001). The sequence of the 
gene encoding β-glucosidase, its promoter sequence, and all 
the primer pairs used are listed in Supplementary Tables 1 and 2.

Bioinformatics Analysis
Previously, the cDNA sequence of the candidate gene encoding 
β-glucosidase was obtained via transcriptomic sequencing (Su 
et  al., 2021). ExPASy1 was used to deduct the amino acid (aa) 
sequences and predict physicochemical properties. The conserved 
domains of β-glucosidase were detected using Multiple Em 

1 http://www.expasy.ch/tools/
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for Motif Elicitation2 and the NCBI Conserved Domain Database 
(CDD)3 search tools. The possible transmembrane regions of 
the protein were analyzed using the TMHMM online program.4 
PSORT5 was used to predict the subcellular localization of the 
protein encoded by the candidate gene. The secondary structure 
and three-dimensional homologous modeling of the protein 
were predicted using softwares of GOR IV,6 PDBsum,7 and 
SWISS-MODEL,8 respectively. Online PlantCARE9 was used 
to analyze the cis-acting elements of promoters. The amino 
acid sequence was used to perform homology searched on 
NCBI, and the sequences with high similarity were selected 
for multiple alignment. Phylogenetic analysis was performed 
using the MEGA X software (maximum likelihood), and using 
bootstrap analysis with 1,000 iterations.

Subcellular Localization
The full-length cDNA sequence of the candidate gene encoding 
β-glucosidase without the terminator codons was inserted into 
the pBI121-EGFP vector to generate the pBI121-β-glucosidase-
EGFP fusion protein, which, after sequencing, was subsequently 
transformed into Agrobacterium tumefaciens GV3101 using the 
freeze–thaw method. Two batches of A. tumefaciens containing 
pBI121-β-glucosidase-EGFP and pBI121-EGFP, respectively, was 
cultured overnight until the OD600 was approximately 1.0. 
Next, these batches of A. tumefaciens were resuspended in 
infiltration buffer (10 mM MgCl2, 10 mM MES (pH 5.6), and 
100 μM acetosyringone) to an OD600 of 0.6 and incubated at 
room temperature for 2 h before being syringe-infiltrated into 
5-week-old Nicotiana benthamiana leaves. Signals were observed 
under a ZEISS710 confocal laser scanning microscope (ZEISS, 
Germany) 48 h after infiltration.

Preparation of Recombinant 
β-Glucosidase
β-glucosidase-3-F and β-glucosidase-3-R primers were designed 
to introduce new restriction sites by changing nucleotides 
(Supplementary Table 3). The target fragments were amplified 
using Ex Taq DNA polymerase (Takara, Biomedical Technology 
Co., Ltd., Beijing, China) via PCR, double-restricted using Bgl 
II/Xho I  (NEB, Beijing, China), and ligated to the Bgl II/Xho 
I  double-restricted pET-32ɑ(+) vector using T4 DNA Ligase 
(NEB, Beijing, China). The recombinant vector was transformed 
into E. coli DH5α cells using the freeze–thaw method, and 
positive transformants were selected on Lysogeny Broth (LB) 
agar plates containing ampicillin (final concentration: 50 μg/
ml) for expansion and sequencing. E. coli BL21 (DE3) was 
then transformed with the recombinant plasmid for protein  
expression.

2 https://meme-suite.org/meme/tools/meme
3 http://www.ncbi.nlm.nih.gov/cdd/
4 http://www.cbs.dtu.dk/services/TMHMM-2.0
5 https://www.genscript.com/psort.html
6 https://npsa-prabi.ibcp.fr/
7 https://www.ebi.ac.uk/pdbsum/
8 https://swissmodel.expasy.org/
9 http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

The transformed BL21 (DE3) cells were incubated in LB 
medium with 100 μg/ml ampicillin at 37°C until OD600 reached 
0.6–0.8. After adding IPTG (isopropyl-β-D-thiogalactoside) at 
a final concentration of 0.3 mM to the medium, the cells were 
further cultured on a rotary shaker at 18°C for 18 h, then 
harvested and re-suspended in phosphate buffer (0.01 M, pH 
7.2). Phenylmethyl sulfonyl fluoride (final concentration: 0.5 mM) 
and lysozyme (final concentration: 0.3 mg/ml) were added to 
the resuspension, followed by sonication at 4°C. The supernatant 
was collected via centrifugation, and the protein concentration 
was determined using the Modified BCA Protein Assay Kit 
(Shanghai Sangon Biotech, Shanghai, China). Proteins (20 μg) 
were separated using 12% SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and visualized by staining with Coomassie Brilliant 
Blue R-250.

Western Blot Analysis
Each protein sample was resolved separated using SDS-PAGE, 
transferred onto polyvinylidene fluoride (PVDF) membranes 
(Beijing Labgic technology Co., Ltd., Beijing, China), and 
blocked with 5% bovine serum albumin in TBST [20 mM 
Tris–HCl (pH 7.4), 150 mM NaCl, and 0.1% Tween 20] for 
2 h at room temperature. The membrane was washed with 
TBST and incubated overnight at 4°C in a 1/3,000 dilution 
of anti-6 × His tag mouse monoclonal antibody (BBI life sciences, 
China). After three washes with TBST at 10 min intervals, the 
membrane was incubated in a 1/5,000 dilution of AP-conjugated 
rabbit anti-mouse IgG (BBI Life Sciences, China) at room 
temperature. After three washes with TBST, two washes with 
TBS [20 mM Tris–HCl (pH 7.4) and 150 mM NaCl], and one 
wash with AP buffer [100 mM NaCl, 50 mM Tris–HCl (pH 
8.0), and 2 mM MgCl2], recombinant protein was visualized 
via BCIP/NBT alkaline phosphatase staining.

In vitro Enzymatic Reactions
Four experimental groups were established to verify the function 
of putative β-glucosidase, namely, the crude enzymes from 
E. coli BL21 (DE3), the crude enzymes from E. coli BL21 
(DE3) containing the pET-32ɑ(+) vector, the crude enzymes 
from E. coli BL21 (DE3) including the pET-32ɑ(+)-β-glucosidase 
recombinant vector, and boiled crude enzymes from E. coli 
BL21 (DE3) with the pET-32ɑ(+)-β-glucosidase recombinant 
vector. PE (final concentration: 0.4 mg/ml) and each crude 
enzyme extract (final concentration: 0.05 mg/ml) were mixed 
in a phosphate buffer (0.01 M, pH 7.2) and incubated at 37°C 
for 2 h. The reaction products were analyzed using the LC-16 
high-performance liquid chromatography (HPLC) system 
(Shimadzu, Japan). A Topsil C18 column (4.6 mm × 250 mm; 
Agilent, USA) was used with the isocratic elution of water 
and acetonitrile (71:29). The flow rate was 1 ml/min with a 
detection wavelength of 210 nm, and the column compartment 
was maintained at 30°C (Su et  al., 2021).

Statistical Analysis
All experiments were performed independently at least three 
times, and the data are expressed as the mean ± standard error. 
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GraphPad (version 8.0) suite was used for statistical analysis, 
and p ≤ 0.05 was deemed a statistically significant difference.

RESULTS

Cloning and Analysis of the β-Glucosidase 
Encoding Gene
We previously obtained three candidate genes (CL4020.Contig1_
All, Unigene 1627_All, and Unigene7900_All; Su et  al., 2021). 
In the present study, we  selected CL4020.Contig1_All with the 
highest similarity as the candidate gene of Pgβ-glucosidase for 
our investigation. The full length of the candidate β-glucosidase 
gene was amplified using the β-glucosidase-F/β-glucosidase-R 
primers (Supplementary Table  1), and the gene sequence was 
submitted to GenBank (OM867671) in NCBI. The resulting 
PCR products were subjected to 1% agarose gel electrophoresis, 
and the results are shown in Supplementary Figure  2. The 
full-length cDNA putatively encoding β-glucosidase is 1,488-
base pair (bp)-long and encodes a polypeptide with 495 amino 
acids (aa). In addition, the molecular mass of β-glucosidase 
was found to be  56,479.22 Da, the theoretical isoelectric points 
were 5.16, and the half-life was estimated to be 30 h (mammalian 
reticulocytes, in vitro). The instability index (II) was computed 
to be  30.97 and was classified as stable. Conserved domain 
analysis revealed that the protein belongs to the glycosyl 
hydrolase family 1 (GH1), and the actual alignment was detected 
with superfamily member pfam00232 (Supplementary Figure 3). 
The predicted protein secondary domain shows that the protein 
amino acids mainly exist as alpha helices, extended strands, 
and random coils. Furthermore, according to the template 
3gno.1.A model, the global model quality estimation (GMQE) 
value is 0.82 (Supplementary Figure  4). From the predicted 
results, the protein has no transmembrane regions.

Phylogenetic Tree and Conserved Domain 
Analysis
The phylogenetic tree of 12 different plants and two bacterial 
species was constructed, including P. grandiflorus (OM867671), 
Nicotiana attenuata (XP_019261514.1), Nicotiana sylvestris 
(XP_009767051.1), Solanum tuberosum (XP_006353254.1), 
Handroanthus impetiginosus (PIN23194.1), Actinidia chinensis 
var. chinensis (PSR98148.1), Camellia sinensis (XP_028088410.1), 
Helianthus annuus (XP_022015860.1), Erigeron canadensis 
(XP_043617153.1), Cynara cardunculus var. scolymus 
(XP_024969531.1), Lactuca sativa (XP_023733473.1), Pyrus x 
bretschneideri (XP_018501441.1), C. bescii DSM 6725 
(ACM59590), and Caldicellulosiruptor owensensis OL 
(ADQ03897). Notably, β-glycosidases from C. bescii and 
C. owensensis have converted PE to PD (Kil et  al., 2019; Shin 
et  al., 2019). Compared with P. grandiflorus, the relationship 
between the β-glucosidase of Pyrus x bretschneideri and that 
of the two bacterial species was close. Four β-glucosidases 
(XP_022015860.1, XP_043617153.1, XP_022015860.1, and 
XP_023733473.1) from Asteraceae family members were 
phylogenetically closest to that of P. grandiflorus (Figure  1A). 

Furthermore, from the perspective of the evolutionary relationship 
of the genome, H. annuus is very close to P. grandiflorus and, 
they both belong to Asterids II (Kim et  al., 2020).

Multiple sequence alignment revealed that Pgβ-glucosidase 
contained two conserved carboxylic acid residues (E192 and 
E393), serving as the catalytic acid–base and nucleophile 
(Henrissat et  al., 1995; Jenkins et  al., 1995; Chuenchor et  al., 
2008; Figure  2). These enzymes present a catalytic cycle that 
occurs in two distinct steps (glycosylation and deglycosylation), 
and where the two active sites involved are critical for their 
double displacement (Zechel and Withers, 2000; Marana, 2006; 
Chuenchor et  al., 2011). Moreover, conserved domain analysis 
revealed that the β-glucosidases in other plants all possess 
motif 1, motif 2, motif 3, motif 4, and motif 5, except for 
those of C. bescii and C. owensensis, which only have motif 
1, motif 2, and motif 3 (Figure  1B). However, β-glucosidase 
from C. bescii and C. owensensis have been shown to be function 
in catalyzing the conversion of PE to PD, thus, the common 
motif 1, motif 2, and motif 3 may have critical roles. In 
addition, E238, L298, and A425 in Pgβ-glucosidase were highly 
consistent with the β-glucosidases derived from C. bescii and 
C. owensensis and were different from other species (Figure 2).

Subcellular Localization
Prediction of subcellular localization suggested that 
Pgβ-glucosidase was localized in the cytoplasm, mitochondria, 
and nucleus. GFP was fused to the C-terminal domain of the 
β-glucosidase protein and transiently transformed in 
N. benthamiana to determine the subcellular localization of 
β-glucosidase in P. grandifloras. Subsequently, confocal laser 
scanning microscopy was used to observe the Agrobacterium-
infected the leaves of N. benthamiana containing the gene of 
interest, and the results are shown in Figure 3. Strong fluorescence 
signals were distributed in the cytoplasm and nucleus, consistent 
with the prediction. The results indicated that β-glucosidase 
was localized in the cytoplasm and nucleus of P. grandiflorus.

Expression and Functional Assay of 
β-Glucosidase
Inducible expression of β-glucosidase recombinant protein 
was performed in pET-32ɑ(+) using Trx, a 6 × His and an 
S fusion tag at the N-terminal. With the size increase of 
16.3 kDa by the fusion tags, the expected β-glucosidase protein 
was approximately 72.7 kDa (Figure  4). In addition to the 
expression of the recombinant plasmid (lane 3), E. coli BL21 
(DE3) without the plasmid (lane 1) and E. coli BL21 (DE3) 
with the pET-32ɑ(+) vector (lane 2) were used as controls 
(Figure  4). In addition E. coli BL21 without the plasmid 
(lane 1) and E. coli BL21 with the pET-32ɑ(+) vector (lane 
2) were performed as controls. Following crude protein 
quantification, 20 μg of proteins from each group was loaded 
separately and subjected to SDS-PAGE analysis. A thick band 
of recombinant β-glucosidase protein in lane 3 was in 
approximately 73.0 kDa (Figure  4A). Subsequently, western 
blotting using an anti-6 × His tag mouse monoclonal antibody 
showed a band of approximately 73.0 kDa on the PVDF 
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membrane in lane 3, whereas lanes 1 and 2 (controls) showed 
no band. This finding confirmed the successful expression 
of β-glucosidase after transformation (Figure  4B).

The products of a putative conversion of PE to PD were 
analyzed using HPLC to verify the function of the candidate 
β-glucosidase. The reaction mixture, consisting of E. coli crude 
protein extracts (final concentration: 0.05 mg/ml) and PE (final 
concentration: 0.4 mg/ml) was incubated in a water bath at 
37°C, and analyzed via HPLC after a 2 h reaction in 0.01 M 
phosphate buffer (pH 7.2). To test whether the β-glucosidase 
recombinant protein could catalyze the conversion of PE to 
PD in vitro, we  incubated E. coli BL21 (DE3) protein extracts 
(BL21) and E. coli BL21 (DE3) with the pET-32ɑ(+) vector 
(BL21 + pET-32ɑ) under the same conditions. In addition, the 
experimental group (BL21-pET-32ɑ-β-glucosidase) protein was 
boiled to form a new control (BL21-pET-32ɑ-β-glucosidase 
boiled). Standard compounds of PD (> 98% purity) and PE 
(> 98% purity) were purchased from Chengdu Push 
Bio-Technology Co., Ltd., and the retention time and peak 
profile of 0.4 mg/ml of standard PD and 0.4 mg/ml of standard 
PE are shown in Figure  5A. Our results revealed that only 
the experimental group (BL21-pET-32ɑ-β-glucosidase) consumed 
PE and generated a new substance (PD; Figure  5). After 
excluding various effects of the control groups, we  believe that 
recombinant target candidate β-glucosidase from P. grandiflorus 
can convert PE to PD in vitro.

Analysis of β-Glucosidase Diurnal 
Expression
Studies have shown that the content of PE is higher in the 
leaves of P. grandiflorus than in other parts (Su et  al., 2021; 
Yu et  al., 2021). Therefore, we  collected P. grandiflorus leaves 

at seven time points of the day and night from 6:00 am to 
12:00 pm (at 3-h intervals) as samples for analysis. In addition, 
we simultaneously analyzed the expression of β-amyrin (β-AS), 
which is considered a key branching enzyme for generating 
oleanane-type triterpene backbones (Kim et  al., 2020; 
Supplementary Figure  5). In other words, β-amyrin is a key 
enzyme in the biosynthetic pathway for synthesizing PE and 
PD in P. grandiflorus. The results of RT-qPCR analysis showed 
that the expression of β-amyrin remained unchanged from 
6:00 am to 12:00  pm and then showed an upward trend. 
Furthermore, the expression was the highest at 6:00 pm and 
decreased after 6:00 pm; however, it was still higher than that 
during most times of the day (Figure  6). Similarly, the 
expression level of β-glucosidase is higher at night than during 
the daytime, with the highest values recorded from 9:00 to 
12:00 at night. Furthermore, we obtained approximately 2000 bp 
of the promoter sequence (Supplementary Table  1) of the 
β-glucosidase gene from the P. grandiflorus genome (GenBank: 
GCA_016624345.1). Analysis of the promoter sequence of 
the β-glucosidase gene revealed the present of many light-
responsive cis-acting elements such as AE-box, Box 4, 
GT1-motif, MRE, TCCC-motif, TCT-motif, and other cis-acting 
elements (Supplementary Figure  6). These results suggest 
that β-glucosidase gene expression may be  regulated by light.

DISCUSSION

Platycodon grandiflorus is a common natural medicinal plant 
with a history of thousands of years that contains a wide 
variety of more than 80 chemical components, including saponins, 
alkynes, lipids, and flavonoids (Wang et al., 2017; Huang et al., 
2021; Zhang et  al., 2022). Modern pharmacological studies 

A B

FIGURE 1 | Phylogenetic and conserved domain analysis of Pgβ-glucosidase with those of other species. (A) Neighbor-joining phylogenetic tree, constructed 
using MEGA X. (B) Conserved domains, detected using Multiple Em for Motif Elicitation.
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indicated that PD is one of the main active saponins of 
P. grandiflorus with broad bioactivities (Kwon et  al., 2017; 
Zhang et al., 2017; Cho et al., 2018). The Chinese Pharmacopoeia 
also used PD content as the standard to measure the qualification 
of medicinal materials. In the present study, we  identified a 
glycosyltransferase β-glucosidase from P. grandiflorus that can 
remove two glucose groups from PE to generate PD with 
stronger activity. Furthermore, the results of the phylogenetic 
analysis showed that Pgβ-glucosidase is the closest to H. annuus 
in the Compositae family, which is consistent with previous 
findings by Kim et  al. (2020) on the evolutionary relationship 
of the P. grandiflorus genome. The subcellular localization results 
revealed that Pgβ-glucosidase is located in the nucleus and 
cytoplasm of P. grandiflorus. The results of the 1-day expression 
pattern and promoter sequence analysis indicated that the 
transition of related secondary metabolites might mainly occur 
at night; therefore, it is speculated that the gene encoding 
Pgβ-glucosidase may be  regulated by light.

Analyzing known functionally related sequences for 
common sequence domains or motifs can reveal their 
association with a common function (Stormo, 2006). For 
example, the amino acid sequence of chalcone synthase from 
Coelogyne ovalis Lindl. shares four motifs with chalcone 
synthase from the Oncidium hybrid cultivar., Cymbidium 
hybrid cultivar., Bromheadia finlaysoniana, and Dendrobium 
nobile, which contains the active site “RLMLYQQGCFA 
GGTVLR” and the signature sequence of “GVLFGFGPGL” 
of the chalcone synthase protein (Singh and Kumaria, 2020). 
In addition, a study of β-glucosidase found that most of 
its homologous sequences contained the conserved TENG 
and NEPW motifs, which contained two conserved glutamic 
acid residues as acid/base catalyst and an active catalytic 
nucleophile, respectively (Zada et  al., 2021a,b). We  found 
five conserved motifs that also included the conserved TENG 
and NEPX motifs of β-glucosidases. The results of multiple 
sequence alignment revealed that E192 and E393 are highly 

FIGURE 2 | Amino acid sequences alignment of seven β-glucosidases. Black triangles indicate acid/base and nucleophilic catalytic residues. Two motifs (TENG 
and NEPX) are marked out with “*.” Pgβ-glucosidase, β-glucosidase of Platycodon grandiflorus; Haβ-glucosidase, β-glucosidase of Helianthus annuus 
(XP_022015860.1); RiceBGlu1, β-glucosidase of rice (PDB: 2RGL_A); Linamarase (GenBank: X56733.1); ZmGlu1, β-glucosidase of Zea mays (PDB: 1E1E_A); Cbβ-
glucosidase, β-glucosidase of Caldicellulosiruptor bescii DSM 6725 (GenBank: ACM59590); Coβ-glucosidase, β-glucosidase of Caldicellulosiruptor owensensis OL 
(GenBank: ADQ03897).
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conserved in the β-glucosidase sequences of seven creatures, 
including two bacterial species (C. bescii and C. owensensis). 
This finding suggests that Pgβ-glucosidase may also 
deglycosylate PE into PD through a double displacement  
reaction.

β-glucosidases primarily catalyze the removal of terminal 
non-reducing β-D-glucosyl residues from various 
glucoconjugates, including glucosides, oligosaccharides, and 
1-O-glucosyl esters, as well as perform transglycosylation and 
reverse hydrolysis. Due to the extensive distribution of their 

FIGURE 3 | The subcellular localization of genes encoding Pgβ-glucosidase. The subcellular localization of 35S:: GFP, and 35S:: Pgβ-glucosidase-GFP in leaf 
epidermal cells of N. benthamiana leaf epidermal cells after 48 h infiltration; the epidermal cells of N. benthamiana were used for taking images of green 
fluorescence, chloroplast autofluorescence, visible light, and merged visible light.

A B

FIGURE 4 | SDS-PAGE and western blot analysis of the recombinant protein pET-32ɑ(+)-Pgβ-glucosidase in Escherichia coli BL21 (DE3). (A) SDS-PAGE analysis. 
(B) Western blot analysis. M: protein molecular weight standards; Lane 1: cell lysate of E. coli BL21 (DE3; 0.3 M IPTG-inducing); Lane 2: cell lysate of E. coli BL21 
(DE3)/pET-32ɑ(+; 0.3 M IPTG-inducing); Lane 3: cell lysate of E. coli BL21 (DE3)/pET-32ɑ(+)-Pgβ-glucosidase (0.3 M IPTG-inducing); Lane 4: cell lysate of E. coli 
BL21 (DE3)/pET-32ɑ(+)-Pgβ-glucosidase (1.0 M IPTG-inducing). Bacterial culture conditions were kept consistent.
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substrates, these enzymes exist widely in nature and exhibit 
a range of functions (Godse et  al., 2021). Studies have shown 
that β-glucosidase promotes the formation of free terpenes, 
phenylpropenes, and specific aliphatic esters during wine 
fermentation and promotes the production of wine aroma 
compounds that affect the aroma and flavor of the product 
(Liu et al., 2021). β-glucosidase was identified from mangrove 
soil showed high hydrolyzing ability for soybean isoflavone 
glycosides via heterologous expression in E. coli, which could 
completely convert daidzin and genistin to daidzein and 
genistein, respectively (Li et  al., 2012a). Studies have also 
shown that β-glucosidase from the thermophilic fungus 
Talaromyces leycettanus JM12802 could hydrolyze isoflavone 
glycosides to aglycones (Li et  al., 2018). Furthermore, 
recombinantly expressed β-glucosidase from Sulfolobus 
solfataricus and Microbacterium esteraromaticum transformed 
ginsenoside Rb1 to the more stable and readily absorbed, as 
well as more pharmacologically active, ginsenoside compound 
K and ginsenoside 20(S)-Rg3, respectively (Noh et  al., 2009; 
Li et  al., 2012a). β-glucosidase may also be  an economically 
viable option for industrial use, with the production of 

pharmaceutically important compounds. Our current study 
identified a β-glucosidases from the P. grandiflorus plant that 
can convert PE into the more stable, smaller molecular weight, 
and more pharmacologically active PD, providing new insights 
for the analyzing the biosynthetic pathway of triterpenoid 
saponins in P. grandiflorus. Our findings will also lay a 
foundation to increase PD accumulation through molecular 
biological approaches, improve the quality of medicines, and 
expand the resources of PD.

Light is an important environmental factor for plant growth 
and development. It provides essential light energy for plant 
growth and acts as an environmental signal to regulate plant 
development. The downstream regulatory factors in the light 
signal transduction pathway mainly interact with specific 
cis-acting elements in the promoters of light-controlled genes, 
thereby up-regulating or down-regulating the expression of 
specific genes. The cis-acting elements present in the promoters 
of light-controlled genes are called light-responsive cis-elements 
(LREs; Hiratsuka and Chua, 1997). A previously study has 
shown that SmCP, the gene encoding Solanum melongena 
cysteine proteinase, showed maximum expression in the dark; 

A

B

C

D

E

FIGURE 5 | HPLC detection of the enzyme activities of putative Pgβ-glucosidase in producing PD. (A) Liquid chromatograms of standard PE and PD. (B) Liquid 
chromatogram of E. coli BL21 (DE3) cell lysate reacting with PE. (C) Liquid chromatogram of E. coli BL21 (DE3)/pET-32ɑ(+)cell lysate reacting with PE. (D) Liquid 
chromatogram of E. coli BL21 (DE3)/pET-32ɑ(+)-Pgβ-glucosidase cell lysate reacting with PE. (E) Liquid chromatogram of boiled E. coli BL21 (DE3)/pET-32ɑ(+)-Pgβ-
glucosidase cell lysate reacting with PE.
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the correlation between binding activity and expression suggests 
that the regulation of SmCP is accomplished by binding to 
the G-box in its promoter region (Xu et  al., 2003). Different 
flanking sequences around the light-responsive G-box core 
can mediate induction or inhibition (Hudson and Quail, 2003). 
The study of a GT element showed that it can activate the 
expression of the rice phyA gene in the dark (Dehesh et  al., 
1990) and that it has two functions of positive and negative 
regulation (Mehrotra and Panwar, 2009). The AT-rich sequence 
of oat as a negative regulatory element can reduce the expression 
of light-regulated PHYA genes under light conditions (Nieto-
Sotelo et al., 1994). Our study found that the Pgβ-glucosidase 
gene showed an upward trend after 6:00 pm and peaked at 
12:00 pm Combined with promoter sequence analysis, the 
finding revealed certain light-responsive elements such as 
AE-box, Box 4, GT1-motif, MRE, TCCC-motif, and TCT-motif 
(Supplementary Figure  6). Our results suggest that the gene 
might be  regulated by light and its expression enhanced in 
dark environments.

In conclusion, we have successfully cloned and characterized 
the β-glucosidase from P. grandiflorus. We  verified its function 
and provided a new perspective for analyzing the biosynthetic 
pathway of oleanane-type triterpenoid saponins in P. grandiflorus. 
Moreover, we  found that the expression of this gene might 
be  regulated by light, which contributes to the further study 
of its molecular biology. Our findings provide direction for 
the molecular breeding of P. grandiflorus and the improving 
of the quality of medicinal materials. Future work should 
investigate the function of β-glucosidase in the plant body 
and attempt to regulate the conversion of PE to PD in 
P. grandiflorus.
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Carotenoids, indispensable isoprenoid phytonutrients, are synthesized in plastids 

and are known to be deficient in rice endosperm. Many studies, involving transgenic 

manipulations of carotenoid biosynthetic genes, have been performed to obtain 

carotenoid-enriched rice grains. Nuclear-encoded GOLDEN2-LIKE (GLK) 

transcription factors play important roles in the regulation of plastid and thylakoid 

grana development. Here, we show that endosperm-specific overexpression of 

rice GLK1 gene (OsGLK1) leads to enhanced carotenoid production, increased 

grain yield, but deteriorated grain quality in rice. Subsequently, we performed the 

bioengineering of carotenoids biosynthesis in rice endosperm by introducing 

other three carotenogenic genes, tHMG1, ZmPSY1, and PaCrtI, which encode 

the enzymes truncated 3-hydroxy-3-methylglutaryl-CoA reductase, phytoene 

synthase, and phytoene desaturase, respectively. Transgenic overexpression of 

all four genes (OsGLK1, tHMG1, ZmPSY1, and PaCrtI) driven by rice endosperm-

specific promoter GluB-1 established a mini carotenoid biosynthetic pathway 

in the endosperm and exerted a roughly multiplicative effect on the carotenoid 

accumulation as compared with the overexpression of only three genes (tHMG1, 

ZmPSY1, and PaCrtI). In addition, the yield enhancement and quality reduction 

traits were also present in the transgenic rice overexpressing the selected four 

genes. Our results revealed that OsGLK1 confers favorable characters in rice 

endosperm and could help to refine strategies for the carotenoid and other 

plastid-synthesized micronutrient fortification in bioengineered plants.

KEYWORDS

grain yield, OsGLK1, plastids, rice endosperm, carotenoids

Introduction

Carotenoids are a diverse group of hydrophobic isoprenoid pigments ubiquitously 
synthesized by plants, algae, fungi, and bacteria (Sun et al., 2018). Carotenoids play critical 
roles in light-harvesting and protection of the photosynthetic apparatus against damage by 
high light and/or temperature stress (Nisar et al., 2015). Carotenoids provide precursors 
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for the biosynthesis of plant hormones and serve as important 
contributors to visual appeal of ornamental plants and nutritional 
qualities of fruits and vegetables (Cazzonelli and Pogson, 2010; 
Ruiz-Sola and Rodríguez-Concepción, 2012).

Most cereal crops contain only trace levels of dietary 
carotenoids. Carotenoids are currently under intense scrutiny 
regarding their potential to reduce the risks of some chronic 
diseases and prevent retinol (vitamin A) deficiency. Thus, a 
great deal of research effort has been made to modify the types 
and levels of carotenoids in economically important crops 
(Paine et al., 2005). The carotenoid biosynthesis at the molecular 
level in higher plants has been well elucidated. Plant carotenoids 
are isopentenyl diphosphate (IPP)-derived molecules, and two 
pathways independently contribute to the production of IPP in 
plants: the cytosolic mevalonic acid (MVA) pathway and the 
plastidic methylerythritol 4-phosphate (MEP) pathway 
(Hemmerlin et al., 2012). In plant cells, plastidic MEP pathway 
is the major pathway for carotenoid biosynthesis and storage 
(Lopez-Juez and Pyke, 2005). Many studies have been focused 
on increasing metabolic flux in plastids by overexpression of 
one or more crucial enzymes within MEP pathway for 
carotenoid accumulation (Shewmaker et al., 1999; Zhai et al., 
2016; Paul et al., 2017). However, very few genes that are not 
from the two pathways have been well characterized for their 
influence on carotenoid production in plants.

The endosperm is the largest component of the whole cereal 
grains, and serves as major food staple, but it is deficient in many 
nutritionally valuable biochemical compounds such as vitamins, 
minerals, and carotenoids (Zhu et  al., 2007, 2008). Previous 
studies have shown that some carotenoids are not essential but 
beneficial to health, whereas some, such as pro-vitamin A 
carotenoids, have been considered as essential nutrients because 
they are unable to be synthesized de novo by humans and must 
be acquired through the diet (Fraser and Bramley, 2004; Bai et al., 
2011). Rice (Oryza sativa L.) is a major cereal food crop in most 
of the developing countries. Due to the absence of carotenoids in 
rice endosperm, the consumption of rice as an integral part of diet 
is often accompanied by vitamin A deficiency (Underwood and 
Arthur, 1996; Farré et al., 2010).

Biofortification is an economically effective process by which 
crops are bred in a way that increases the production of 
micronutrients or phytonutrients via genetic engineering (Bouis 
and Saltzman, 2017). Biofortified crops enriched with 
phytonutrients, such as flavonoid-enriched tomato (Le Gall et al., 
2003), astaxanthin-enriched rice (Zhu et al., 2018), vitamin B6-
enriched rice (Mangel et al., 2019), and anthocyanin-enriched 
wheat (Sharma et al., 2020), may have the potential to bring great 

benefits to human health (Hirschi, 2009; De Steur et al., 2015; 
Fang et al., 2018).

The availability of a large number of carotenogenic genes 
makes it possible to modify and engineer the carotenoid 
biosynthetic pathways in host plants. Combinatorial coexpression 
by a single expression vector harboring all the target genes is 
commonly regarded as a time-saving and highly efficient plant 
transformation strategy in comparison with cotransformation of 
multiple constructs and transgene stacking by crossing (Fang 
et al., 2018).

The overexpression of carotenoid biosynthetic genes can 
boost carotenoid accumulation in staple crops if upstream 
pathways could supply sufficient isoprenoid precursors 
(Rodríguez-Concepción, 2010). Downstream contributors of 
carotenoid metabolism and sequestration serve to deplete the 
carotenoid pool and drive the reaction forward (Auldridge 
et al., 2006; Campbell et al., 2010). The first committed step of 
carotenoid biosynthesis is initiated by the condensation of two 
geranylgeranyl diphosphate (GGPP) molecules. Phytoene 
synthase (PSY) is the rate-limiting enzyme that catalyzes this 
reaction in the carotenoid pathway (Cazzonelli and Pogson, 
2010). There is also limited flux in the subsequent desaturation 
reaction, which eventually results in the production of 
lycopene (Nisar et al., 2015). In order to promote phytoene-
to-lycopene conversion, the bacterial phytoene desaturase 
enzyme CrtI was coexpressed with PSY in rice endosperm and 
finally contributed to the accumulation of β-carotene (Paine 
et al., 2005). Although the expression of these two enzymes 
increases metabolic flux in the early part of the carotenoid 
biosynthesis pathway, the exhaustion of the precursor pool 
remains an unresolved problem (Ye et al., 2000; Paine et al., 
2005; Schaub et al., 2005).

3-Hydroxy-3-methylglutaryl coenzyme A reductase 
(HMGR) governs the MVA pathway-derived isoprenoids and 
plays a crucial role in isoprenoid biosynthesis. Transgenic 
tomatoes overexpressing plant HMGR without also 
overexpressing PSY and CrtI genes show IPP accumulation and 
no carotenoid accumulation (Enfissi et  al., 2005). Although 
HMGR localizes in the cytosol and belongs to the MVA pathway, 
the overexpression of HMGR could significantly boost the 
production of IPP which may ultimately contribute to the 
downstream carotenoid biosynthesis. To address this challenge, 
we  heterologously expressed the maize (Zea mays) PSY 
(ZmPSY1) and Pantoea ananatis CrtI (PaCrtI) genes along with 
tHMG1, which encodes truncated HMGR (N-terminal 
554-amino acid-deletion) from Saccharomyces cerevisiae, 
specifically in the endosperm to boost flux through the MVA 
pathway, which generates carotenoid precursors. It was found 
that the combined expression of tHMG1, ZmPSY1, and PaCrtI 
under the control of endosperm-specific promoter GluB-1 
significantly promote carotenoid accumulation in rice 
endosperm, confirming that the participation of tHMG1 in 
supply of isoprenoid precursors created a metabolic sink for the 
sustainable production of carotenoids (Tian et al., 2019).

Abbreviations: DW, Dry weight; HPLC, High-Performance Liquid 
Chromatography; LC/MS, Liquid chromatography-mass spectrometry; MEP, 
Methylerythritol 4-phosphate pathway; MVA, Mevalonic acid pathway; PTDS, 
PCR-based two-step DNA synthesis; SD, Standard deviation; SEM, Scanning 
electron microscopy; TEM, Transmission electron microscopy; UHPLC-QTOFMS, 
Ultra-High-Performance Liquid Tandem Chromatography Quadrupole Time of 
Flight Mass Spectrometry.

6263

https://doi.org/10.3389/fpls.2022.951605
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2022.951605

Frontiers in Plant Science 03 frontiersin.org

De novo carotenoids are synthesized within almost all types of 
plastids, most importantly, chloroplasts and chromoplasts, in 
leaves, fruits, flowers, roots, and seeds (Yuan et al., 2015; Sun et al., 
2018). Plastid identity is a key carotenoid-defining parameter 
which plays essential roles in governing carotenoid stability and 
composition. In chloroplasts, the majority of carotenoids are 
localized in the thylakoid membranes and plastoglobules, which 
are identified as the sites of carotenoid storage (Chaudhary et al., 
2009). The GOLDEN2-LIKE (GLK) genes encode transcription 
factors that regulate plastid development and chlorophyll levels in 
diverse species, namely in the monocot maize and in the eudicot 
Arabidopsis. Defects in plastid development and chlorophyll 
biosynthesis usually result in compromised carotenoid 
biosynthesis (Langdale and Kidner, 1994; Hall et al., 1998; Rossini 
et  al., 2001; Fitter et  al., 2002). Previous studies showed that 
overexpression of GLKs could significantly promote chlorophyll 
biosynthesis and increase chloroplast number and thylakoid grana 
stacks in plant (Fitter et al., 2002; Yasumura et al., 2005; Nguyen 
et al., 2014; Chen et al., 2016).

Therefore, we  expressed the OsGLK1 gene (genotype G) 
specifically in the rice endosperm to investigate its roles in 
carotenoid production. As a comparison, we also create another 
construct containing four genes encoding OsGLK1, tHMG1, 
ZmPSY1, and PaCrtI (genotype GHPC) to investigate their 
additive effects on the biofortification of carotenoids in rice 
endosperm (Figure 1A). It was found that OsGLK1 significantly 
enhanced carotenoid production in rice endosperm and increased 
grain yield. However, the grain quality was adversely affected. 
Meanwhile, the combined overexpression of OsGLK1, tHMG1, 
ZmPSY1, and PaCrtI led to multiplicative effects on the carotenoid 
accumulation in rice endosperm compared with previous three-
gene combination (tHMG1, ZmPSY1, and PaCrtI, genotype HPC) 
from our lab (Tian et al., 2019). Our data presented a conceptual 
and mechanistic basis to generate “New Golden Rice” and to 
update knowledge on the characterization of the carotenoid 
biosynthesis pathway.

Materials and methods

Vector construction

The transgenes, based on rice GLK1 (GenBank: AAK50393), 
S. cerevisiae truncated HMGR (GenBank: AJS96703), maize PSY1 
(GenBank: AAB60314), and P. ananatis CrtI (GenBank: 
AHG94990) were chemically synthesized through PCR-based 
two-step DNA synthesis method (PTDS; Xiong et al., 2006). The 
codons of these genes were optimized in accordance with the codon 
usage frequencies of rice. Primers used for chemical synthesis of the 
four genes are listed in Supplementary Table S1. Then, the two gene 
expression cassettes (G:OsGLK1 and G:OsGLK1-G:tHMG1-
G:ZmPSY1-G:PaCrtI) were constructed by inserting the ORFs 
between an endosperm-specific promoter GluB-1 and terminator 
using the PAGE-mediated overlap extension PCR method (Peng 

et al., 2014). The original expression vector for rice transformation 
was pCAMBIA1301 which was modified through the introduction 
of new multiple cloning sites by our lab to yield the binary vector 
pYP694 (Peng et al., 2014). Then, pYP69-G:OsGLK1 (genotype G) 
was generated by inserting the G:OsGLK1 expression cassette into 
pYP694 at the Eco RI and Hind III sites. Then the pYP69-G:tHMG1-
G:ZmPSY1-G:PaCrtI vector (genotype HPC) provided by Tian et al. 
(2019) was used as the donor vector for the introduction of 
G:OsGLK1 to produce the four-gene construct pYP69-G:OsGLK1-
G:tHMG1-G:ZmPSY1-G:PaCrtI (genotype GHPC). The detailed 
method was mentioned as previously described (Tian et al., 2019).

Plant materials, strains, and chemicals

The rice conventional variety ZH11 was used for transformation 
of the two constructs described above. The Agrobacterium 
tumefaciens strain GV3101 was used for rice transformation. The 
field experiments were performed during the growing season in 
Shanghai and Hainan, China. Commercially available carotenoid 
standards, including α-carotene, β-carotene, lycopene, zeaxanthin, 
lutein, neoxanthin, and astaxanthin were purchased from Sigma 
Chemical Company (St. Louis, MO, United States).

Carotenoid extraction and quantitative 
analysis by HPLC

Carotenoids were extracted from endosperms of different 
genotypes. The extraction method was described previously (Zhu 
et al., 2018). The HPLC analysis was performed using an Agilent 
1,100 HPLC system (Agilent Technologies, CA, United States). 
The chromatographic separation was achieved with Agilent 
LC-C18 (4.6 mm × 250 mm, 5 μm) column and a gradient system 
with the mobile phase consisting of solvent A (acetonitrile) and 
solvent B (isopropanol) at a flow rate of 1 ml/min. The linear 
gradient was as follows: 0–10.0 min, 100% A; 10.0–13.0 min, 60% 
A; 13.0–20.0 min, 50% A; 20.0–30.0 min, 100% A. The UV spectra 
were recorded with a diode-array detector at 450 nm. Identification 
and peak assignment of each carotenoid component were 
primarily based on the comparison of their retention time and 
UV–visible spectrum data with that of standards.

Metabolite profiling

Endosperms of mature ZH11 and G1 seeds were subjected to 
metabolomic analysis in our study. Metabolomic analysis of rice 
endosperms was performed using UHPLC-QTOFMS technology 
(Ultra-High-Performance Liquid Tandem Chromatography 
Quadrupole Time of Flight Mass Spectrometry). Three biological 
replicates were performed for each genotype, with each replicate 
being a pool of 5 g endosperms. The protocols for sample 
preparation have been described in detail (Wu et  al., 2020; 
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Liu et al., 2021). The UHPLC separation was carried out using a 
Waters ACQUITY UPLC HSS T3 column (100 × 2.1 mm, 1.8 μm). 
The AB Sciex QTOF mass spectrometer was used to acquire MS/
MS spectra. Heatmaps and hierarchical cluster analysis were 
generated by Multi-Experiment Viewer (version 4.8.1).

Transmission electron microscopy

The transmission electron microscopy observation was 
performed according to a protocol previously published (Luo 
et al., 2013) with a slight modification. Rice samples were first 
fixed overnight (4°C) in 2.5% (v/v) glutaraldehyde (pH 7.2), 
postfixed in 1% osmium tetroxide at 4°C for 1 h, followed by 
dehydration through an ethyl alcohol series. After dehydration, 
samples were embedded in epon araldite (resin) and 
polymerization was conducted at 40°C for 24 h. Samples were then 
transferred to fresh resin and hardened under nitrogen air at 60°C 
for 2 days, followed by sectioning of samples using Leica EM UC7 

ultramicrotome (Wetzlar). Sections were stained with 5% uranyl 
acetate and imaged with a H7100FA transmission electron 
microscope (Hitachi).

Scanning electron microscopy

Scanning electron microscopy observation was performed as 
described in the previous studies (Imai et al., 2006). Grain samples 
were transversely cut by a knife and coated with gold by E-100 ion 
sputter. Specimens were observed using a scanning electron 
microscope (SEM, VEGA3, TESCAN, Czech  Republic). All 
procedures were conducted according to the manufacturer’s protocol.

Expression analysis

Total RNA was extracted from 0.1 g of immature milky-stage 
endosperm (9 days after pollination) using an RNeasy Mini kit 

A

B

C

FIGURE 1

Engineering the biosynthesis of carotenoid in rice endosperm. (A) Schematic representation of the gene cassettes in the two plasmids used for 
rice transformation. Upper: vector harboring OsGLK1; Lower: vector harboring four genes (OsGLK1, tHMG1, ZmPSY1, and PaCrtI). Target genes 
were all driven by endosperm-specific promoter GluB-1. (B) Expression levels of the transgenes in homologous T3 lines of G and GHPC rice 
endosperms. RNA samples were prepared from endosperms of developing seeds (9 days after pollination) of the homologous T3 lines. The 
expression levels of the transgenes were normalized to the expression of reference gene OsActin. Values represent means of three replicates ± SD. 
(C) Representative phenotype of transgenic rice seeds showing altered color due to carotenoid accumulation. Two different endosperm 
phenotypes were observed. The light-yellow endosperm expressed OsGLK1 (genotype G), and the orange-yellow endosperm coexpressed 
OsGLK1, tHMG1, ZmPSY1, and PaCrtI (genotype GHPC).
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(Qiagen, Germany) according to the manufacturer’s instructions. 
All isolated RNA samples were treated with RNase-free DNase 
I (Promega, United States). Complementary DNA (cDNA) was 
synthesized from total RNA (2 μg) using a Quantitect reverse 
transcription kit (Qiagen) following the supplier’s protocol. The 
expression of the four transgenes (OsGLK1, tHMG1, ZmPSY1, and 
PaCrtI) and 11 endogenous carotenogenic genes (OsPSY, OsPDS, 
OsZISO, OsZDS, OsCRTISO, OsLCYE, OsLCYB, OsBHY, OsEHY, 
OsZEP, and OsVED) were investigated by qRT-PCR using SYBR 
Premix Ex Taq II (Takara, Japan) according to the supplier’s 
instructions. The expression of target genes were normalized to 
the reference gene OsActin (Li et al., 2019). PCR conditions for 
amplification of the four transgenes were as follows: 4 min at 95°C, 
followed by 35 cycles of 10 s at 95°C, 15 s at 59°C (54°C for the 
endogenous carotenogenic genes), 20 s at 72°C. Data are shown as 
means ± SD (three biological replicates). The information of 
primers used is shown in Supplementary Table S2. The loci of the 
11 endogenous carotenogenic genes in The Rice Annotation 
Project Database1 were as follows: OsPSY, Os12g0626400; OsPDS, 
Os03g0184000; OsZISO, Os12g0405200; OsZDS, Os07g0204900; 
OsCRTISO, Os11g0572700; OsLCYB, Os02g0190600; OsLCYE, 
Os01g0581300; OsBHY, Os10g0533500; OsEHY, Os03g0125100; 
OsZEP, Os04g0448900; and OsVDE, Os04g0379700.

Trait measurement

Fully filled grains were used for measuring the 1,000-grain 
weight. The grains with chalkiness were counted, and the 
percentage of chalky grains was calculated as the chalkiness 
percentage. For chalkiness degree, 50 grains with chalkiness were 
randomly selected, and the ratio of the chalkiness area to the 
whole kernel square for each grain was evaluated. In order to 
easily distinguish the chalkiness regions from other regions, the 
images of rice kernels were captured using a digital camera 
(Canon) and processed by Image J (version 1.8.0). The chalkiness 
degree was defined as the ratio of the chalkiness area to the whole 
kernel square. The graphical plots were prepared using GraphPad 
Prism software (Version 8.3.0).

Results

Generation of carotenoids in rice

Agrobacterium-mediated transformation of ZH11 was carried 
out to create transgenic plants. Nine independent G and 6 
independent GHPC transgenic lines were obtained. Homozygous 
transgenic rice lines, harboring a single copy of targeted construct 
(Figure  1A), were selected for the subsequent studies. 
Subsequently, qRT-PCR analysis was performed to examine the 

1 https://rapdb.dna.affrc.go.jp/

transcript levels of the four transgenes in the endosperm of 
developing seeds. Since the transcript levels of all transgenes were 
greatly enhanced in the endosperm, we designated these lines as 
G1, G2, G3, GHPC1, GHPC2, and GHPC3 lines (Figure 1B). All 
transgenic rice produced light-yellow and orange-yellow 
endosperms for G and GHPC lines, respectively (Figure 1C).

Composition of carotenoids and their 
contents in transgenic lines

Carotenoid concentrations in rice endosperms were measured 
by HPLC to ascertain the effect of OsGLK1 on pigment 
accumulation. Seven major carotenoids (lycopene, α-carotene, 
β-carotene, lutein, zeaxanthin, neoxanthin, and astaxanthin) were 
quantified. Quantitative analysis of the contents of these 
components showed that overexpression of OsGLK1 could 
significantly increase carotenoid production in rice endosperm. The 
total carotenoid content was 2.13, 2.37, and 2.32 μg/g dry weight 
(DW) in lines G1, G2, and G3, respectively. It needs to be noticed 
that the content of β-carotene increased to a greater extent in all G 
lines compared with the production of other carotenoid 
components (Table  1; Supplementary Figure S1). Metabolite 
profiling of rice endosperms of line G1 and ZH11 identified 89 
metabolites with altered levels, only a small number of which 
showed changes greater than 2 folds, suggesting that critical 
metabolic activities were unaffected in OsGLK1 overexpression 
plants (Supplementary Table S3; Supplementary Figure S2).

The GHPC lines produced the highest levels of carotenoids 
(39.36, 40.06, and 36.81 μg/g DW for lines GHPC1, GHPC2, and 
GHPC3, respectively; Table 1; Supplementary Figure S1). This 
revealed an increase in total carotenoids of nearly 3-fold 
compared to the previously reported HPC rice endosperms (up 
to 14.45 μg/g DW) from our lab (Tian et al., 2019), supporting the 
notion that introduction of the OsGLK1 gene has a big impact on 
carotenoids production in rice. The total carotenoid contents 
ranged from 2.13 to 2.37 μg/g DW and 13.71–14.45 μg/g DW in 
G and HPC lines, respectively. However, the GHPC lines 
produced more than 40 μg/g DW of total carotenoids. These 
results indicate that OsGLK1 might have roughly multiplicative, 
rather than additive effects on the carotenoids accumulation in 
our study. In addition, qRT-PCR analysis was performed to 
investigate the expression levels of tHMG1, ZmPSY1, and PaCrtI 
in HPC lines. The results showed that the transcript levels of the 
three genes in GHPC lines are comparable with those in HPC 
lines (Figure  1B; Supplementary Figure S3), which further 
justified the extraordinary effect of OsGLK1 on carotenoid 
accumulation. Transmission electron microscopy revealed that a 
few electron-dense plastoglobuli (which may contain carotenoids) 
were visible inside some plastids of 15 DAP (days after 
pollination) endosperm in the genotypes G and GHPC. However, 
we  can barely observe plastoglobuli in the ZH11 and HPC 
endosperms (Figure  2A; Supplementary Figure S4A). The 
formation of plastoglobuli in the plastids of transgenic rice 
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endosperm might be, at least in part, due to the overexpression 
of OsGLK1 in our study. In addition, TEM of G, HPC, and GHPC 
grains revealed numerous oil droplets (also called spherosomes) 
in the 45 DAP endosperm, while no oil droplets could 
be  observed in ZH11 endosperm (Figure  2B; 
Supplementary Figure S4B). It was previously reported that the 
elevation of the predominant carotenoid is consistent with 
elevated plastid numbers (Nguyen et al., 2014). The multiplicative 
effect on the burst production of carotenoids imposed by OsGLK1 
might be due to the improved thylakoid membrane biogenesis 
and plastid structure and number. GluB-1 promoter is commonly 
used for foreign gene expression only in the endosperm area 
(Washida et al., 1999). TEM was also employed to monitor the 
chloroplast development in 15 DAP seed coats of each genotype. 
As expected, no significant differences among ZH11, G and 
GHPC genotypes regarding the seed coat color were detected 

(Supplementary Figure S5A). The chloroplasts in seed coats from 
each genotype developed normally with no obvious phenotypic 
difference (Supplementary Figures S5B,C).

Expression of endogenous carotenoid 
biosynthetic genes

In accordance with the previous literatures (Hirschberg, 2001; 
Vranová et  al., 2013; Giuliano, 2014; Nisar et  al., 2015), 
we summarized the expanded carotenoid biosynthetic pathway in 
plants (Figure 3A). In order to examine how differences in the 
carotenoid complement may be linked to differential changes in 
endogenous gene expression, qRT-PCR was used to investigate the 
accumulation of transcripts corresponding to the 11 genes of the 
carotenoid biosynthetic pathway in transgenic rice. Two lines of 

TABLE 1 Carotenoid content and composition of mature rice endosperms from different genotypes.

Composition 
(μg/g DW)

Genotype

ZH11 G1 G2 G3 GHPC1 GHPC2 GHPC3

α-Carotene 0 ± 0 0.247 ± 0.057*** 0.237 ± 0.044*** 0.243 ± 0.048*** 9.472 ± 0.112*** 9.547 ± 0.042*** 8.839 ± 0.41***

β-Carotene 0.009 ± 0.001 1.474 ± 0.11*** 1.48 ± 0.086*** 1.572 ± 0.016*** 28.158 ± 0.283*** 28.774 ± 0.52*** 26.227 ± 0.634***

Lycopene 0 ± 0 0.105 ± 0.009*** 0.222 ± 0.012*** 0.209 ± 0.018*** 0.796 ± 0.001*** 0.798 ± 0.002*** 0.795 ± 0.001***

Zeaxanthin 0.005 ± 0.001 0.072 ± 0.003*** 0.093 ± 0.006*** 0.072 ± 0.007*** 0.295 ± 0.003*** 0.299 ± 0.016*** 0.276 ± 0.013***

Lutein 0.025 ± 0.002 0.231 ± 0.01*** 0.342 ± 0.007*** 0.228 ± 0.006*** 0.635 ± 0.004*** 0.64 ± 0.023*** 0.673 ± 0.027***

Total carotenoid 0.039 ± 0.004 2.128 ± 0.089*** 2.373 ± 0.086*** 2.323 ± 0.022*** 39.356 ± 0.693*** 40.058 ± 0.628*** 36.81 ± 0.538***

Data are presented as means ± SD of three biological replicates. p-values produced by two-tailed Student’s t-test. DW, dry weight. ***p < 0.001.

A

B

FIGURE 2

Transmission electron micrographs of rice endosperm. (A) The endosperm cells (15 DAP) of ZH11, G, and GHPC genotypes are shown. Scale 
bar = 1 μm. (B) The endosperm cells (45 DAP) of ZH11, G, and GHPC genotypes are shown. Scale bar = 2 μm. DAP, days after pollination. White arrows 
indicate the electron-dense plastoglobuli in plastids (PL). SG, starch grain; OD, oil droplet; CW, cell walls.
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G and GHPC genotypes, respectively, were selected for the gene 
expression analysis. All of the analyzed endogenous carotenogenic 
genes were found to be expressed, some at relatively low levels, in 
the endosperm of ZH11 seeds. The mRNA levels of most 
endogenous genes were not greatly interfered by the 
overexpression of transgenes in both G and GHPC lines 
(Figure 3B). It is noteworthy that the transcript levels of some 
endogenous genes (OsPDS, OsZDS, OsLCYB, and OsVDE) were 
slightly up-regulated in the transgenic lines, probably due to 
positive feedback regulation in response to the overexpression of 
transgenes, which is common in the regulation of cellular 
processes (Schaub et al., 2005; Mitrophanov and Groisman, 2008) 
and also was observed in some carotenogenic transgenic plants 
(Huang et al., 2013; Bai et al., 2016). The enhanced expression 
level of endogenous carotenogenic gene OsLCYB might play a part 
in the higher accumulation of β-carotene in G and GHPC 
endosperms. In another branch, the expression level of OsLCYE 
was relatively low in all genotypes, but obviously sufficient for the 
enzyme activity to catalyze lycopene into α-carotene (Figure 3B).

Increased grain yield and deteriorated 
grain quality

Rice is one of the most important food crops in the world. In 
order to provide a comprehensive assessment for the application 
of our transgenic plants, important developmental and economic 
traits, such as grain yield and quality, were investigated in our 
study. A phenotypic evaluation of G, GHPC and nontransgenic 
ZH11 plants revealed no major differences at the vegetative 
growth stage. To evaluate yield potential of G and GHPC rice lines 
in field conditions, we performed experiments at two different 
locations (Beijing and Hainan) that have distinctive climates and 
day lengths. Hainan is warmer than Shanghai throughout most of 
the season. Table 2 shows that, at both field sites, plant vegetative 
traits including height, tiller and panicle number, panicle length, 
and grain number of per panicle were not significantly changed in 
both G and GHPC lines compared to those in ZH11, whereas the 
seed setting rates of G and GHPC lines were consistently greater 
than those of ZH11 with differences being significant at both sites. 
Meanwhile, the 1,000-grain weight of G and GHPC genotypes was 
both slightly decreased compared with that of ZH11 (Table 2). 
Despite the reduced 1,000-grain weight, higher seed-setting 
percentage, an ~12% increase in seed-setting rate in G and GHPC 
lines, translated into a 17.6%–23.9% increase in grain yield 
(Table 2; Figure 4).

Surprisingly, the percentage and degree of chalkiness in G and 
GHPC were seriously increased compared with those in ZH11 
(Figures 5A,B). The above results suggest that OsGLK1 and/or the 
carotenoid overproduction might be involved in chalky endosperm 
formation. In the white light background, we can easily observe 
that the ZH11 grains displayed lower chalkiness compared with 
the G and GHPC grains (Figures 6A,B). The results of scanning 
electron microscopy revealed that the starch granules in the crystal 

areas of ZH11, G and GHPC grains were regular-shaped and 
closely arranged (Figure 6C). While, the starch granules in the 
chalky area of G lines were spherical, loosely packed and irregularly 
polyhedron-shaped (Figure 6D). The endosperms of GHPC lines 
consist of relatively smaller spherical starch granules (Figure 6D). 
In addition, waxy starch granule phenotype was observed in the 
endosperm of GHPC grains which might be due to the extremely 
high accumulation of carotenoids (Figure 6C).

Discussion

The generation of Golden Rice 2 variety (Paine et al., 2005) 
justified the effectiveness of carotenoid biofortification by 
introducing functional genes involved in carotenoid biosynthetic 
pathway. For this purpose, tHMG1, ZmPSY1, and PaCrtI were 
chemically synthesized with codon optimization for rice based on 
the protein sequences of truncated S. cerevisiae HMGR, maize PSY1, 
and P. ananatis CrtI, respectively (Tian et al., 2019). The three gene 
expression cassette controlled by endosperm-specific promoter 
GluB-1 from the rice globulin gene was transformed to ZH11 and 
greatly enhanced carotenoid production (Tian et al., 2019).

Carotenoids are synthesized in chloroplasts, chromoplasts, 
and other plastids in plants (Cazzonelli and Pogson, 2010; Ruiz-
Sola and Rodríguez-Concepción, 2012; Sun et al., 2018). Due to 
the positive effects of GLK genes on plastid and thylakoid grana 
stacks development (Rossini et al., 2001; Fitter et al., 2002), it is 
tempting to reason that introducing a rice GLK transcription 
factor gene (OsGLK1), along with those for tHMG1, ZmPSY1, and 
PaCrtI may contribute to effective biofortification of carotenoids 
in rice endosperm. Enhancement of carotenoid production in G 
and GHPC lines indicated that OsGLK1 has the potential to 
manipulate the plastid sink strength and enhance the availability 
of storage structures in rice grains. The overexpression of OsGLK1 
could be used as a “push” strategy on increasing metabolic flux in 
plastids to enlarge the carotenoid pool size.

Both the Golden Rice and Golden Rice 2 lines accumulated 
predominantly β-carotene, but phytoene, the immediate product of 
PSY, was completely exhausted (Ye et al., 2000; Paine et al., 2005). 
The buildup of β-carotene is likely to affect the resource balance in 
the pathway and block further conversion, especially of downstream 
metabolites. In other words, biosynthetic and degradative reactions 
and subcellular environments for deposition and sequestration 
within and outside of plastids have the potential to affect the final 
carotenoid composition. Therefore, a further enhancement of 
carotenoid production in rice may not only require the supply of 
more isoprenoid precursors by expressing functional genes of the 
upstream MEP and MVA pathways, but also the downstream 
biosynthetic genes and regulators of plastid development, such as 
GLKs. The data presented here revealed that the insertion of OsGLK1 
in the multigene-stacking expression cassette is an effective strategy 
to significantly boost carotenoid biosynthesis in rice endosperm. 
Furthermore, we have noticed that the total carotenoid levels in our 
GHPC lines are comparable to those of classic PSY/CrtI combination 
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(up to 36.7 μg/g; Paine et  al., 2005). The carotenoid content in 
ZmPSY1/PaCrtI combination (PC lines) reported by our lab ranged 
from 7.19 to 8.05 μg/g (Tian et al., 2019). The four genes used in this 
study were chemically synthesized and the codons were optimized 
in accordance with the codon usage frequencies of rice. In addition, 
different plant expression vectors and different transgenic recipient 
varieties were employed. All these factors combined might have 
caused a distinction in terms of carotenoid accumulation between 
our lines and those from Paine et al. (2005). The growing conditions 
could also contribute to differences in performance.

The expression analysis of endogenous carotenoid 
biosynthetic genes implicated weak quantitative association 
between steady-state transcript levels and pigment 

accumulation. Although most of the carotenoid biosynthetic 
genes were not differentially expressed in transgenic rice grains 
compared with controls, the higher plastid numbers and better 
developed thylakoid presented a source of more carotenoids, 
which increased the sink capacity for carotenoid accumulation 
(Lu and Li, 2008). Moreover, the flux of substrate into either 
branch of xanthophyll formation is controlled by the two 
OsLCYs, converting lycopene into α-carotene and β-carotene. 
The change in transcript level of OsLCYB might contribute to 
the accumulation of downstream carotenoids. In addition, more 
lutein than zeaxanthin was found both in G and GHPC lines, 
which indicated a crucial role of BHY. OsLCYB and BHY could 
serve as metabolic bottlenecks in the carotenoid biosynthesis 

A

B

FIGURE 3

Reconstruction of simplified and expanded carotenoid biosynthesis pathway in rice endosperm (Vranová et al., 2013; Nisar et al., 2015) and qRT-
PCR analysis of related endogenous carotenogenic genes in ZH11 and transgenic lines. (A) Carotenoid biosynthesis pathway combined with MVA 
pathway in plants. Various conversion steps are indicated with arrows. Yellow boxes represent the genes catalyzing the various reactions. Four 
transgenes were indicated with red font. AACT, acetoacetyl-CoA thiolase; AAC, acetoacetyl-CoA; HMGS, 3-hydroxy-3-methylglutaryl-CoA 
synthase; HMGC, 3-hydroxy-3-methylglutaryl-CoA; HMG, 3-hydroxy-3-methylglutaryl-CoA reductase; MVA; mevalonic acid; MK, MVA kinase; 
MVAP, mevalonate-5-phosphate; PMK, phospho-MVA kinase; MVAPP; mevalonate-5-diphosphate; MPDC, MVA diphosphate decarboxylase; GA-
3P, glyceraldehydes 3-phosphate; IPP, isopentenyl diphosphate; IPPI, isopentenyl diphosphate isomerase; DMAPP, dimethylallyl diphosphate; 
GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; CrtI, bacterial (Pantoea ananatis) phytoene desaturase; PSY, phytoene synthase; PDS, 
phytoene desaturase; ZDS, ξ-carotene desaturase; ZISO, ξ-carotene isomerase; CRTISO, carotenoid isomerase; LCYB, lycopene β-cyclase; LCYE, 
lycopene ε-cyclase; BHY, β-ring carotene hydroxylase; EHY, ε-ring carotene hydroxylase; BKT, β-carotene ketolase; ZEP, zeaxanthin epoxidase; 
VDE, violaxanthin de-epoxidase; NXS, neoxanthin synthase; NCED, 9-cis epoxycarotenoid dioxygenase. (B) qRT-PCR analysis of endogenous 
carotenoid biosynthetic genes. RNA samples were prepared from endosperms of developing seeds (9 days after pollination) of the homologous T3 
lines. The expression levels of the target genes were normalized to the expression of reference gene OsActin. Values represent means of three 
replicates ± SD.
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pathway, which will help to update strategies for the generation 
of engineered plants with specific carotenoid profiles or higher 
levels of carotenoids.

Certain carotenoids, most importantly β-carotene, are 
cleaved to vitamin A within the body and are referred to as 
pro-vitamin A (Yeum and Russell, 2002). Vitamin A deficiency, 
a serious nutritional problem of children all over the developing 
world, can result in growth retardation in children and seriously 
impair vision and increase the incidence and severity of 
infectious diseases (Stephensen, 2001). In Asia, rice is 
predominantly consumed but lacks pro-vitamin A in the edible 
part of the grain (endosperm). Biofortification of carotenoids in 
a staple food such as rice could be of great significance. We all 
know that an extremely complicated mechanism coordinates 
carotenoid gene expression, enzyme activities, and plastid 

differentiation to ensure an appropriate production of 
carotenoids. In this study, we  demonstrate that genetic 
engineering using OsGLK1 driven by the endosperm-specific 
promoter can biofortify the carotenoid biosynthesis to a great 
extent in the rice endosperm. Our results made a step forward 
to show the critical influence of plastid identity for carotenoid 
accumulation. The comparison of metabolic products from 
GHPC plants and HPC plants from our previous report 
confirmed that combined expression of the four exogenous 
genes (OsGLK1, tHMG1, ZmPSY1, and PaCrtI) is necessary for 
attaining higher production of carotenoid in rice endosperm. 
The GHPC lines reported here has up to 40 μg/g carotenoid, of 
which nearly 95.7% is α- and β-carotene. This increase in total 
carotenoid and proportion of α- and β-carotene over the 
original HPC lines is of great benefit to vitamin A deficiency 

TABLE 2 Grain yield and yield components under normal field conditions in Shanghai and Hainan.

  Lines Shanghai

Height (cm) No. of tillers 

per plant

Panicle 

number per 

plant

Panicle 

length (cm)

No. of grains 

per panicle

Filled grains per 

panicle

Seed-setting 

rate (%)

1,000-grain 

weight (g)

Grain yield 

per plant (g)

ZH11 81.7 ± 2.06 11.50 ± 1.90 10.50 ± 1.58 18.79 ± 1.19 113.80 ± 16.33 93.22 ± 14.70 81.95 ± 5.93 21.08 ± 0.43 19.89 ± 2.99

G1 82.3 ± 0.82 11.83 ± 1.94 11.17 ± 1.60 18.86 ± 0.53 121.42 ± 13.18 113.09 ± 13.09* 93.08 ± 1.34*** 20.45 ± 0.26** 24.26 ± 4.07* 

(21.97%)

G2 81.4 ± 1.51 11.57 ± 1.71 10.71 ± 2.28 18.80 ± 0.59 123.87 ± 7.53 117.11 ± 6.93** 94.56 ± 1.46*** 20.53 ± 0.16** 24.37 ± 5.32* 

(22.52%)

G3 81.5 ± 3.15 11.83 ± 2.23 11.17 ± 2.53 18.47 ± 0.39 118.38 ± 6.84 109.78 ± 5.55* 92.83 ± 3.88** 20.60 ± 0.17* 23.77 ± 6.90* 

(19.51%)

GHPC1 81.8 ± 4.36 11.67 ± 1.37 10.83 ± 1.47 19.41 ± 0.62 124.84 ± 5.79 114.97 ± 4.87** 92.14 ± 2.61** 20.55 ± 0.14* 23.90 ± 2.76* 

(20.16%)

GHPC2 81.1 ± 2.97 11.43 ± 1.62 10.57 ± 1.62 19.18 ± 0.58 120.43 ± 5.96 112.45 ± 7.38** 93.34 ± 2.51*** 20.43 ± 0.17** 23.39 ± 4.36* 

(17.6%)

GHPC3 81.8 ± 2.40 12.17 ± 1.33 10.67 ± 1.03 18.95 ± 0.83 121.90 ± 2.38 113.68 ± 2.80** 93.27 ± 1.98*** 20.62 ± 0.15* 23.94 ± 2.15* 

(20.36%)

  Lines   Hainan

Height (cm) No. of Tillers 

per plant

Panicle 

number per 

plant

Panicle 

length (cm)

No. of grains 

per panicle

Filled grains per 

panicle

Seed-setting 

rate (%)

1,000-grain 

weight (g)

Grain yield 

per plant (g)

ZH11 82.1 ± 2.33 11.70 ± 1.70 10.70 ± 1.89 19.10 ± 0.88 118.56 ± 13.57 97.69 ± 11.42 82.48 ± 4.81 21.21 ± 0.38 20.01 ± 2.58

G1 82.8 ± 2.14 12.17 ± 1.17 11.67 ± 1.37 19.25 ± 0.45 125.05 ± 6.96 113.05 ± 5.93** 90.49 ± 3.04** 20.57 ± 0.08** 23.96 ± 2.52* 

(19.74%)

G2 82.4 ± 2.7 11.71 ± 2.14 11.14 ± 2.11 18.97 ± 0.62 119.98 ± 7.08 114.91 ± 6.35** 95.80 ± 1.51*** 20.69 ± 0.27** 24.51 ± 4.86* 

(22.49%)

G3 82.7 ± 1.37 12.50 ± 1.87 11.33 ± 1.97 18.76 ± 0.61 122.94 ± 4.80 116.67 ± 4.26** 94.91 ± 1.23*** 20.58 ± 0.17** 24.79 ± 4.48* 

(23.89%)

GHPC1 83.5 ± 2.94 11.50 ± 1.05 11.17 ± 0.75 19.02 ± 0.36 122.93 ± 5.27 114.76 ± 4.41** 93.40 ± 2.52*** 20.73 ± 0.20* 24.43 ± 1.59** 

(22.09%)

GHPC2 83.1 ± 3.02 12.14 ± 1.77 10.86 ± 1.21 19.17 ± 0.62 119.37 ± 6.29 111.51 ± 6.17* 93.43 ± 2.72*** 20.61 ± 0.13** 23.62 ± 3.96* 

(18.04%)

GHPC3 82.3 ± 1.75 12.33 ± 1.03 10.67 ± 1.03 19.03 ± 0.79 121.99 ± 4.28 115.43 ± 3.57** 94.64 ± 1.26*** 20.82 ± 0.21* 24.25 ± 3.53* 

(21.19%)

Values are mean ± SD (n = 30). Asterisks denote Student’s t-test significance compared with ZH11 control: *p < 0.05, **p < 0.01, and ***p < 0.001. The percentages in parentheses indicate 
percentages of grain yield increase compared with ZH11.
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and related health problems. Moreover, our G and GHPC lines 
showed increased grain yield and seed-setting rates which were 
not observed in HPC lines (Tian et al., 2019). It might be safe 
to conclude that the endosperm-specific overexpression of 
OsGLK1 plays a positive role in these two economic traits 
of rice.

Taken together, the protocol in this study could be used to 
engineer different biofortified cereals that produce grains 
enriched with various phytonutrients. This work also facilitates 
knowledge-based directed biotechnological approaches for 
complex metabolic engineering in synthetic biology and 
improvement of quality traits in plants. Overall, our transgenic 
rice can be used as “cell factories” for producing commercially 
valuable novel compounds. Our results reveal that enhancing 
metabolic sink strength for carotenoids in plastids, particularly 
by promoting plastid formation and development, could hold 
enormous promise for biofortification of staple crops with 
increased carotenoid content. Moreover, OsGLK1 gene might 
have potential applications for boosting plastid-localized 

biosynthesis of other nutrients, such as vitamins B2, E and K1, 
and plastid-dependent enrichment of nutritional elements, such 
as selenium, in rice grains.
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FIGURE 4

Comparison of filled grain number per panicle between ZH11, G and GHPC genotypes (Bar = 5 mm).

A B

FIGURE 5

Comparison of quality traits between ZH11, G and GHPC lines. (A) Percentage of chalkiness (n = 20). (B) Degree of chalkiness (n = 50). Data are given 
as means ± SD. Student’s t-test was used to generate the p-values: ***p  < 0.001.
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SUPPLEMENTARY FIGURE S1

HPLC analysis of carotenoids in mature rice endosperms from ZH11, 
G and GHPC lines. Labeled peaks: A, astaxanthin; 1, lutein; 2, 
zeaxanthin; 3, lycopene, 4, α-carotene; 5, β-carotene. AU, 
absorbance unit.

A B C D

FIGURE 6

Endosperm phenotypes of rice grains of ZH11, G and GHPC plant. (A) Mature seeds in white light background. (B) Cross sections of mature 
endosperm. The cross-sections of the sliced grains of the transgenic lines showed that the pigments were evenly distributed in the endosperm of 
the grains. (C) SEM of the mature endosperm, with the cross sections indicated by a blue square in (B). (D) SEM of the mature endosperm, with the 
cross sections indicated by a purple square in (B). SEM, scanning electron microscopy. Scale bars: 5 mm (A); 1 mm (B); 20 μm (C,D).
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SUPPLEMENTARY FIGURE S2

Hierarchical cluster analysis (HCA) of 89 differentially produced 
metabolites in mature ZH11 and G endosperms. Metabolite content is 
presented as median-centered averages with three biological replicates 
each. Red and blue colors indicate high and low content, respectively.

SUPPLEMENTARY FIGURE S3
Expression levels of the three transgenes in endosperms of two HPC 
lines. RNA samples were prepared from endosperms of developing seeds 
(9 days after pollination) of the homologous T3 lines. The transcripts were 
normalized to the expression of reference gene OsActin. Values represent 
means of three replicates ± SD.

SUPPLEMENTARY FIGURE S4
Transmission electron micrographs of rice endosperm. (A) The 
endosperm cells (15 DAP) of HPC genotype are shown. Scale bar = 1 μm. 
(B) The endosperm cells (45 DAP) of HPC genotype are shown. Scale 
bar = 2 μm. PL, plastids; SG, starch grain; OD, oil droplet; CW, cell walls.

SUPPLEMENTARY FIGURE S5
Transmission electron micrographs of rice seed coats. (A) Phenotypes of 
rice seed coats from ZH11, G, and GHPC lines. Scale bar = 1 mm. (B) The 
cells of rice seed coats are shown. Scale bar = 5 μm. (C) Chloroplasts 
boxed in (B) are shown by higher magnification. Scale bar = 1 μm. The seed 
coats were sampled from 15 DAP rice grains of indicated genotypes.
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It is critical to develop plant isoprenoid production when dealing with human-

demanded industries such as flavoring, aroma, pigment, pharmaceuticals, 

and biomass used for biofuels. The methylerythritol phosphate (MEP) and 

mevalonic acid (MVA) plant pathways contribute to the dynamic production 

of isoprenoid compounds. Still, the cross-talk between MVA and MEP in 

isoprenoid biosynthesis is not quite recognized. Regarding the rate-limiting 

steps in the MEP pathway through catalyzing 1-deoxy-D-xylulose5-phosphate 

synthase and 1-deoxy-D-xylulose5-phosphate reductoisomerase (DXR) and 

also the rate-limiting step in the MVA pathway through catalyzing 3-hydroxy-

3-methylglutaryl-CoA reductase (HMGR), the characterization and function 

of HMGR from Populus trichocarpa (PtHMGR) were analyzed. The results 

indicated that PtHMGR overexpressors (OEs) displayed various MEP and 

MVA-related gene expressions compared to NT poplars. The overexpression 

of PtDXR upregulated MEP-related genes and downregulated MVA-related 

genes. The overexpression of PtDXR and PtHMGR affected the isoprenoid 

production involved in both MVA and MEP pathways. Here, results illustrated 

that the PtHMGR and PtDXR play significant roles in regulating MEP and MVA-

related genes and derived isoprenoids. This study clarifies cross-talk between 

MVA and MEP pathways. It demonstrates the key functions of HMGR and 

DXR in this cross-talk, which significantly contribute to regulate isoprenoid 

biosynthesis in poplars.
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methylerythritol phosphate pathway, mevalonic acid pathway, HMGR, DXR, 
isoprenoid biosynthesis, poplar
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Introduction

Isoprenoids (terpenoids) present many functional and structural 
properties over 50,000 distinct molecules in living organisms 
(Thulasiram et al., 2007). Isoprenoids play vital roles in plant growth 
and development, as well as in membrane fluidity, photosynthesis, 
and respiration. They are joining with plant-pathogen and 
allelopathic interactions to preserve plants from pathogens and 
herbivores, and they are also created to draw pollinators and seed-
dispersing animals. The importance of isoprenoids has been proved 
in rubber products, drugs, flavors, fragrances, agrochemicals, 
nutraceuticals, disinfectants, and pigments (Bohlmann and Keeling, 
2008). A wide range of isoprenoids is involved in photosynthesis in 
plants, including electron transfer, quenching of excited chlorophyll 
triplets, light-harvesting, and energy conversion (Malkin and 
Niyogi, 2000). Tetrapyrrole ring derived from heme pathway with 
an appended isoprenoid-derived phytol chain aim chlorophylls in 
all reaction centers and antenna complexes to absorb light energy 
and transfer electrons to the reaction centers. The light-harvesting 
system is maintained by the other isoprenoids, which are linear or 
partly cyclized carotenes and their oxygenated derivatives, 
xanthophylls. These carotenes and xanthophylls reduce excess 
excitation energy through the process of light-harvesting. However, 
these isoprenoids are attractive in flowers and fruits (Rodriguez-
Concepcion, 2010). In contrast to vertebrates synthesizing 
cholesterol, higher plants synthesize a complex mix of sterol lipids 
called phytosterols (Boutte and Grebe, 2009).

Plant isoprenoids include gibberellins (GAs), carotene, lycopene, 
cytokinins (CKs), strigolactones (GRs), and brassinosteroids (BRs), 
which are produced through methylerythritol phosphate (MEP) and 
mevalonic acid (MVA) pathways (van Schie et al., 2006; Xie et al., 
2008; Henry et  al., 2015). These pathways are involved in plant 
growth, development, and response to environmental stresses 
(Bouvier et al., 2005; Kirby and Keasling, 2009). The isopentenyl 
diphosphate isomerase (IDI) catalyzes the conversion of the 
isopentenyl diphosphate (IPP) into dimethylallyl diphosphate 
(DMAPP), leading to provide the basic precursors for all isoprenoid 
productions (Hemmerlin et al., 2012; Lu et al., 2012; Zhang et al., 
2019). The IPP and DMAPP are essential for regulating MEP and 
MVA pathway interactions (Huchelmann et al., 2014; Liao et al., 
2016). The MVA pathway reactions appear in the cytoplasm, 
endoplasmic reticulum (ER), and peroxisomes (Cowan et al., 1997; 
Roberts, 2007), producing sesquiterpenoids and sterols. The 
3-hydroxy-3-methylglutaryl-coenzyme A synthase (HMGR), a rate-
limiting enzyme in the MVA pathway, catalyzes 3-hydroxy- 

3-methylglutary-CoA (HMG-CoA) to form MVA (Cowan et al., 
1997; Roberts, 2007).

On the other hand, the MEP pathway reactions appear in the 
chloroplast, producing carotenoids, GAs, and diterpenoids. The 
1-deoxy-D-xylulose5-phosphate synthase (DXS) and 1-deoxy-D-
xylulose5-phosphate reductoisomerase (DXR) are rate-limiting 
enzymes in the MEP pathway that catalyze the conversion of 
glyceraldehyde3-phosphate (G-3-P) and pyruvate (Cordoba et al., 
2009; Wang et al., 2012; Yamaguchi et al., 2018; Perreca et al., 
2020). Isoprenoids like phytoalexin and volatile oils play essential 
roles in plant growth, development, and disease resistance (Hain 
et al., 1993; Ren et al., 2008). Besides an extensive range of natural 
functions in plants, terpenoids also consider the potential for 
biomedical applications. Paclitaxel is one of the most effective 
chemotherapy agents for cancer treatment, and artemisinin is an 
anti-malarial drug (Kong and Tan, 2015; Kim et al., 2016).

Previous metabolic engineering studies have proposed strategies 
to improve the production of specific plant metabolites (Ghirardo 
et al., 2014; Opitz et al., 2014). In addition, it has been proved that 
HMGS overexpression upregulated carotenoid and phytosterol in 
tomatoes (Liao et al., 2018). The HMGR has been considered as a 
critical factor in the metabolic engineering of terpenoids (Aharoni 
et al., 2005; Dueber et al., 2009), and its overexpression in ginseng 
(PgHMGR1) increased ginsenosides content, which is a necessary 
pharmaceutically active component (Kim et  al., 2014). 
Overexpression of Salvia miltiorrhiza HMGR significantly improves 
diterpenoid tanshinone contents (Dai et al., 2011; Kai et al., 2011). 
The first generation of transgenic tomatoes exhibited a higher 
phytosterol content because of the overexpression of HMGR1 from 
Arabidopsis thaliana (AtHMGR1; Enfissi et al., 2005).

Further studies about the MEP pathway revealed that the 
dissemination of DXR transcript resulted in decreased 
pigmentation amount, while its upregulation caused the 
accumulation of the MEP-derived isoprenoids in plastid 
(Carretero-Paulet et al., 2006). The overexpression of DXR from 
A. thaliana caused to accumulation of the diterpene anthiolimine 
in Salvia sclarea hairy roots (Vaccaro et al., 2014). In another study, 
the overexpression of DXR from peppermint resulted in 
approximately 50% increased monoterpene compositions 
(Mahmoud and Croteau, 2001). Further studies on MVA and MEP 
pathways exhibited their cross-talk in metabolic intermediates 
through plastid membranes (Laule et al., 2003; Liao et al., 2006).

Poplars provide the raw materials for industrial and 
agricultural production as an economic and energy species. Its fast 
growth characteristics and advanced resources in artificial 
afforestation play a vital role in the global ecosystem (Devappa 
et al., 2015). This study investigates the biosynthesis of isoprenoids 
in poplar. The increased expression of PtHMGR in Populus 
trichocarpa increased the transcript levels of genes associated with 
MVA and MEP pathways. This work further exhibits that the 
overexpression of PtDXR in P. trichocarpa causes downregulating 
of genes related to MVA and, conversely, upregulating of genes 
associated with MEP. The overexpression of PtDXR also affects 
GA3, trans-zeatin-riboside (TZR), isopentenyl adenosine (IPA), 

Abbreviations: MEP, Methylerythritol phosphate; MVA, Mevalonic acid; DXR, 

1-deoxy-D-xylulose5-phosphate reductoisomerase; HGMR, 3-hydroxy-3-

methylglutaryl-CoA reductase; GAs, Gibberellins; CKs, Cytokinins; GRs, 

Strigolactones; BRs, Brassinosteroids; IDI, Isopentenyl diphosphate isomerase; 

IPP, Isopentenyl diphosphate; DMAPP, Dimethylallyl diphosphate; HMG-CoA, 

3-hydroxy-3-methylglutary-CoA; DXS, 1-deoxy-D-xylulose5-phosphate 

synthase; G-3-P, Glyceraldehyde3-phosphate.
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castasterone (CS), and 6-deoxocastasterone (DCS) amounts. 
Taken together, PtHMGR and PtDXR genes play critical regulatory 
points in MEP and MVA pathways through isoprenoid productions.

Materials and methods

Plant materials and growth conditions

The “Nanlin 895” (Populus deltoides×Populus euramericana 
“Nanlin895”) plants were cultured in half-strength Murashige and 
Skoog (1/2 MS) medium (pH 5.8) under conditions of 24°C and 
74% humidity (Movahedi et  al., 2015). Subsequently, NT 
(Transformed WT with empty vector) and transgenic poplars 
were cultured in 1/2 MS under 16/8 h light/dark at 24°C for 1 
month (Movahedi et al., 2018).

PtHMGR gene amplification and vector 
construction

The total RNA was extracted from P. trichocarpa leaves and 
processed with PrimeScript™ RT Master Mix, a kind of reverse 
transcriptase (TaKaRa, Japan). Forward and reverse primers 
(Supplementary Table  1: PtHMGR-F and PtHMGR-R) were 
designed, and the open reading frame (ORF) of PtHMGR was 
amplified via PCR. The total volume of 50 μl, including 2 μl 
primers (10 μM), 2.0 μl cDNA (200 ng), 5.0 μl 10 × PCR buffer 
(Mg2+), 4 μl dNTPs (2.5 mM), 0.5 μl rTaq polymerase (5 U; 
TaKaRa, Japan) was then used for the following PCR reactions: 
95°C for 7 min, 35 cycles of 95°C for 1 min, 58°C for 1 min, 72°C 
for 1.5 min, and 72°C for 10 min. Subsequently, the product of the 
PtHMGR gene was ligated into the pEASY-T3 vector (TransGen 
Biotech, China) based on blue-white spot screening, and the 
PtHMGR gene was inserted into the vector pGWB9 (Song et al., 
2016) using Gateway technology (Invitrogen, United States).

Phylogenetic analyses

The National Center for Biotechnology Information database 
(NCBI) has been applied to download HMGR from P. trichocarpa 
(PtHMGR: Potri.004G208500; XM_006384809) and from other 34 
species to align and analyze. The alignment has been performed 
using Geneious Prime Ver. 2022 software (Biomatters development 
team) to construct a phylogenetic tree with 1,000 bootstrap replicates.

Plant transformation

PtHMGR transgenic generation and 
confirmation

The CDS of PtHMGR was cloned in pGWB9 vector, and the 
Agrobacterium tumefaciens var. EHA105, including recombinant 

pGWB9-PtHMGR, was used to transform “Nanlin 895” poplar 
leaves and petioles (Movahedi et al., 2014; Zhang et al., 2017). Poplar 
buds were screened on differentiation MS medium supplemented 
with 30 μg/ml Kanamycin (Kan). Resistant buds were planted in the 
bud elongation MS medium containing 20 μg/ml Kan and 
transplanted into 1/2 MS medium, including 10 μg/ml Kan to 
generate resistant poplar trees (Movahedi et al., 2014). Genomic 
DNA has been extracted from putative transformants of 
one-month-old leaves grown on medium-supplemented kanamycin 
using TianGen kits (TianGen BioTech, China). The quality of the 
extracted genomic DNA (250–350 ng/μl) was determined by a 
BioDrop spectrophotometer (United Kingdom). PCR was then 
conducted using designed primers (Supplementary Table  1: 
CaMV35S as the forward and PtHMGR-R as the reverse), Easy Taq 
polymerase (TransGene Biotech), and 50 ng of extracted genomic 
DNA as a template to amplify about 2,000 bp. In addition, total RNA 
was extracted from leaves to produce cDNA, as mentioned above. 
These cDNAs were then applied to real-time quantitative PCR 
(qPCR; Supplementary Table 1: PtHMGR forward and reverse) to 
evaluate the PtHMGR expression in PtHMGR overexpressors (OEs) 
compared with NT poplars. Three independent technical repeats 
were performed to analyze PtHMGR expression.

PtDXR transgenic supply and confirmation
PtDXR transformant seedlings were provided from Nanjing 

Xiaozhuang University through the key laboratory of quality and 
safety of agricultural products, which has been sequenced previously 
and confirmed (Xu et al., 2019), followed by culturing under the same 
conditions as PtHMGR poplars. PtDXR transformants were further 
confirmed through PCR confirmation for T-DNA insertion.

Non-transformant poplars
NT poplars were provided by transforming empty vectors into 

WT poplars for both PtHMGR and PtDXR transformants, followed 
by culturing with no medium-supplemented kanamycin to screen.

Phenotypic properties evaluation

The 75-day-old PtHMGR-OEs, PtDXR-OEs, and NT poplars 
were selected to evaluate the phenotypic changes such as stem 
lengths (mm) and diameters (mm). PtHMGR-OE3 and-OE7 (Two 
plants) and PtDXR-OE1 and-OE3 (Two plants) were screened 45 
times during 75 days to evaluate and compare with NT in the same 
conditions (Started on day 5th and continued randomly until the 
75th day). All data were analyzed by GraphPad Prism 9, using 
ANOVA one way (Supplementary Table 2).

Analyses of expression of MVA and 
MEP-related genes with qRT-PCR

Three-month-old PtDXR-OEs, PtHMGR-OEs, and NT 
(grown on soil) leaves were used to extract the total RNA. The 
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qPCR was performed to identify MVA and MEP-related gene 
expressions in PtDXR-OE and PtHMGR-OEs compared to 
NT. We used the StepOne Plus Real-time PCR System (Applied 
Biosystems, United States) and SYBR Green Master Mix (Roche, 
Germany) to carry out qRT-PCR with the PtActin gene 
(XM-006370951) serving as the housekeeping gene standard 
(Zhang et al., 2013). The following conditions were used for qPCR 
reactions: pre-denaturation at 95°C for 10 min, 40 cycles of 
denaturation at 95°C for 15 s, and a chain extension at 60°C for 
1 min. Three independent biological replicates were used with 
three technical repeats (Supplementary Table 1; PtHMGR and 
DXR forward and reverse).

Quantitative detection of endogenous 
hormone contents

The AB Qtrap6500 mass spectrometer was used in triple 
four-stage rod-ion hydrazine mode. The HPLC-MS/MS method 
was used to quantitatively analyze GA3, TZR, IPA, DCS, and CS 
hormones. Samples were separated using Agilent 1290 HPLC 
with electrospray ionization as the ion source and scanned in a 
multi-channel detection mode. Three-month-old leaves were 
used for hormone extraction. Liquid nitrogen was used to grind 
fresh plant samples of 0.5 g, and then a mixture of 10 ml 
isopropanol and hydrochloric acid was added to shake for 
30 min at 4°C. Next, 20 ml of dichloromethane was added to the 
solution, which was shaken for 30 min at 4°C. Subsequently, the 
collected solution was centrifuged at 13,000× g for 20 min at 4°C, 
and the lower organic phase was retained. Then, the organic 
phase was dried under nitrogen and dissolved in 400 μl methanol 
containing 0.1% formic acid. Finally, the collected solution was 
filtered through a 0.22 μm membrane and detected using 
HPLC-MS/MS.

The standard solutions with variable concentrations of 0.1, 0.2, 
0.5, 2, 5, 20, 50, and 200 ng/ml were prepared with methanol (0.1% 
formic acid) as the solvent (Supplementary Figures 5–9). During 
plotting of the standard curve, non-linear points can be excluded. 
In the liquid phase, a Poroshell 120 SB-C18 column (2.1 × 150, 
2.7 m) was used at a column temperature of 30°C. The mobile 
phase included A: B = (methanol/0.1% formic acid): (water/0.1% 
formic acid). Elution gradient: 0–1 min, A = 20%; 1–9 min, 
A = 80%; 9–10 min, A = 80%; 10–10.1 min, A = 20%; 10.1–15 min, 
A = 20%. The other requirements used in this experiment included 
2 μl injection volume, 15 psi air curtain gas, 4,500 v spray voltage, 
65 psi atomization pressure, 70 psi auxiliary pressure, and 400°C 
atomization temperature.

Quantitative determination of 
carotenoids and lycopene contents

A sample of 1 g of poplar leaves was ground and dissolved in 
a mixture of 10 ml of acetone-petroleum ether (1:1). Subsequently, 

the supernatant was filtered and collected repeatedly. The collected 
solution was transferred to a liquid separation funnel and layered 
statically. Then, the upper organic phase was extracted through a 
funnel containing anhydrous sodium sulfate, and the lower layer 
was extracted again in petroleum ether. The collected solution was 
evaporated to dry with rotation at 35°C, dissolved into 1 ml 
dichloromethane, and filtered. Finally, the solution was filtered 
through a 0.45-μm filter membrane and analyzed with HPLC. In 
liquid phase conditions, the Waters Symmetry Shield RP18 
reversed-phase chromatographic column (4.6 × 250 mm × 5 μm) 
was used in this study with a column temperature of 30°C. The 
mobile phase was a mixture of methanol, acetonitrile, and 
dichloromethane (methanol: acetonitrile: dichloromethane = 20: 
75:5). Elution gradient: 0–30 min, mobile phase = 100%, flow 
rate = 1.0 ml/min. The injection volume was 10 μl. In addition, the 
standard curves of α-carotenoid, β-carotenoid, and lycopene were 
formulated as described above.

Results

PCR and real-time PCR confirmed the 
transformation of PtHMGR

The high similarity of achieved alignment, including lots of 
conserved amino acids (aa), similar domains, HMG-CoA-binding 
motifs (EMPVGYVQIP and TTEGCLVA), and NADPH-binding 
motifs (DAMGMNMV and VGTVGGGT; Ma et  al., 2012), 
confirmed detected PtHMGR protein analytically (Supplementary  
Figure 1). A phylogenetic tree based on the HMGRs from various 
species supported the PtHMGR candidate identification 
(Supplementary Figure 2). The tblastn was then applied to reveal 
2,614 bp PtHMGR on Chr04:21681480…21,684,242 with a 
1,785 bp CDS. The PCR amplified 1855 bp of the PtHMGR from 
synthesized cDNA of P. trichocarpa confirmed the putative 
transgenic lines (Supplementary Figure 3A), exhibiting amplicons 
in PCR identification compared with NT poplar (Supplementary  
Figure 3B). The expression of PtHMGR through PtHMGR-OEs 
was significantly higher than in NT poplars (Supplementary  
Figure  3C), indicating successful overexpression of PtHMGR 
in poplar.

The overexpression of PtHMGR and 
PtDXR regulate MVA and MEP-related 
genes

MVA-related genes such as acetoacetyl CoA thiolase 
(AACT), mevalonate kinase (MVK), mevalonate5-diphosphate 
decarboxylase (MVD), HMGR, and farnesyl diphosphate 
synthase (FPS), except HMGS, were significantly upregulated 
in PtHMGR-OEs (Figure 1A; Supplementary Figure 4A). In 
contrast, PtDXR overexpression caused upregulating of the FPS 
expression and downregulating of the AACT, HMGS, HMGR, 
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MVD, and MVK expressions (Figure  1A; Supplementary  
Figure  4B). On the other hand, PtHMGR-OEs caused 
significantly upregulate the MEP-related genes such as DXS, 
DXR, 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate 
synthase (HDS), 1-hydroxy-2-methyl-2-(E)-butenyl-4-
diphosphate reductase (HDR), IDI, geranyl pyrophosphate 
synthase (GPS), and geranyl diphosphate synthase (GPPS; 
Figure  1B; Supplementary Figure  4C). In contrast, 
PtHMGR-OEs caused downregulating 2-C-methyl-d-erythritol4- 
phosphate cytidylyltransferase (MCT) and 4-diphosphocytidyl-
2-C-methyl-D-erythritol kinase (CMK). Moreover, PtDXR 
overexpression caused upregulating all MEP-related genes 
(Figure 1B; Supplementary Figure 4D).

PtHMGR positively impacts MVA and 
MEP-derived carotenoid contents

β-carotene is a carotenoid synthesis that has been broadly used 
in the industrial composition of pharmaceuticals and as food 
colorants, animal supplies additives, and nutraceuticals. In addition, 
lycopene is a precursor of β-carotene, referring to C40 terpenoids, 
and is broadly found in various plants, particularly vegetables and 
fruits. It has been shown that MVA and MEP pathways directly 
influence the biosynthesis production of lycopene (Wei et al., 2018; 
Kim et al., 2019). While one study showed that β-carotene and 
lutein are synthesized using intermediates from the MEP pathway 
(Wille et al., 2004), the other study revealed that both MVA and 

A B

FIGURE 1

MVA and MEP-related gene expression analyses in PtHMGR-and PtDXR-OEs poplars. (A) Mean comparison of relative expressions of MVA related 
genes affected by PtHMGR-and PtDXR-OEs. (B) Mean comparison of relative expressions of MEP related genes affected by PtHMGR-and PtDXR-
OEs; PtActin was used as an internal reference in all repeats; “ns” means not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Three 
independent replications were performed in each experiment.
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MEP pathways produce isoprenoids such as β-carotene and lutein 
(Opitz et al., 2014). HPLC-MS/MS has been applied to analyze the 
MVA and MEP derivatives to quantity. Our analyses revealed a 
slight increase in the average lycopene content through 
PtHMGR-OE3 and-OE7 transformants compared to NT 
(0.0013 AU) with 0.0016 AU (Figure  2). The overexpression of 
HMGR caused significantly enhanced the synthesis of β-carotene 
with an average of 0.00065 AU compared with NT by-0.00002 AU 
(Figure 2). Results also exhibited a significant increase in lutein 
content through PtHMGR-OE3 and-OE7 with an average of 0.7 AU 
compared with NT with 0.25 AU (Figure 2). Moreover, the abscisic 
acid (ABA) content has been influenced by overexpression of 
HMGR with a considerable increase with an average of 3.7e4 
compared with NT with 2.7e4 (Figure 2). The ABA-related gene 
expressions were also calculated, and results revealed that the 
overexpression of HMGR significantly upregulated the zeaxanthin 
epoxidase (ZEP) 1, −2, and −3 genes with averages of ~2.8, ~4.6, 
and ~ 2.9, respectively in comparing with NT poplars (Figure 2). 
These results also indicated meaningful upregulation through 
9-cis-epoxycarotenoid dioxygenase (NCED) 1, −3, and −6 genes 
with averages of ~4.16, ~3.79, and ~3.4 compared with NT with an 
average of ~1 (Figure 2).

In addition, the total level of GA3, a downstream product 
of MEP, increased to 0.2–0.35 ng/g in PtHMGR-OE lines, 
compared to 0.08–0.1 ng/g in NT poplars (Figure 3A). Also, 
the IPA content in PtHMGR-OEs (0.32–0.41 ng/g) is 
dominantly higher than that in NT (0.54–0.66 ng/g; Figure 3B). 
Among MVA-derived isoprenoids, the results of HPLC-MS/
MS exhibited significant enhancements in the TZR content 
through PtHMGR-OEs with an average of 0.56 ng/g than NT 
with an average of 0.3 ng/g (Figure  3C). Surprisingly, the 
expression of HMGR caused a 3-fold increase in DCS content 
with an average of 5 ng/g compared with NT of about 1.5 ng/g 
(Figure 3D). However, PtHMGR-OEs negatively affected the 
CS content with a significant decrease compared to NT poplars 
(Figure 3E).

PtDXR influence on MVA and 
MEP-derived carotenoid contents 
positively

PtDXR-OEs exhibited a significant increase in lycopene, 
β-carotene, and lutein contents affected by overexpression of 

FIGURE 2

Evaluation of the effect of the overexpression of PtHMGR on isoprenoid production and ABA. The qRT-PCR analyses of the expression levels of 
ABA synthesis-related genes and HPLC-MS/MS analyses of the contents of ABA, β-carotene, lycopene, and lutein in PtHMGR-OEs. The expression 
levels of the ABA synthesis-related ZEP and NCED genes family are shown. Bars represent mean ± SD (n = 3); Stars reveal significant differences,  
**p < 0.01, ***p < 0.001; Experiments were performed in triplicates.
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PtDXR with the averages of 0.00095, 0.00037, and 0.5 AU 
compared to NT poplars (Figure  4). Moreover, the ABA 
content also has been affected by the overexpression of PtDXR 
and considerably increased more than NT poplars (Figure 4). 
The expression of the ABA-related gene also has been 
influenced by the overexpression of PtDXR and upregulated 
NCED genes, except for NCED1, which has been 
downregulated (Figure 4). These analyses further exhibited 
the positive effect of the overexpression of PtDXR on a 
significant increase in the expression of ZEP1, 2, and 3 
(Figure 4).

The further analysis of the production of GA3 exhibited a 
significant increase affected by the overexpression of PtDXR 
with an average of 0.27 ng/g compared to NT poplars 
(Figure  5A). Also, the overexpression of PtDXR caused to 
increase in IPA production significantly (Figure  5B). A 
considerable increase in TZR content also was observed, 
influenced by the overexpression of PtDXR with an average of 
0.3 ng/g compared to NT with only 0.04 ng/g (Figure 5C). In 

addition, the overexpression of PtDXR caused to increase in the 
DCS production significantly, but adversely the CS was 
meaningfully decreased (Figures 5D,E).

Pleiotropic analyzes

To improve the effect of overexpression of PtHMGR and PtDXR 
on phenotypic changes, the stem length and stem diameter have 
been evaluated. Regarding the results, the overexpression of 
PtHMGR and PtDXR revealed positive effects on increasing the 
isoprenoid contents. More increase in cytokinins TZR (~0.290 ng/g) 
and IPA (~0.940 ng/g) affected by the overexpression of PtDXR in 
comparing with TZR (~0.054 ng/g) and IPA (~0.580 ng/g) affected 
by the overexpression of PtHMGR, resulting in significantly more 
developments in the stem length through PtDXR-OEs compared 
with PtHMGR-OEs (Figures 6A,B). Slightly more stem diameters 
through PtDXR-OEs compared with PtHMGR-OEs, may 
be resulted from increasing the expression of ABA-related genes 

A

B

C

D

E

FIGURE 3

Analyzing the effect of the overexpression of PtHMGR on MVA and MEP-derivatives. HPLC-MS/MS analyses of the contents of GA3 (A), IPA (B), TZR 
(C), DCS (D), and CS (E) in PtHMGR-OEs compared to NT poplars. Bars represent mean ± SD (n = 3); Stars reveal significant differences, **p < 0.01, 
***p < 0.001; Experiments were performed in triplicates.
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ZEP (~3.40) and NCED (~3.93) in PtHMGR-OEs compared with 
ZEP (~2.70) and NCED (~1.57) in PtDXR-OEs (Figures 6C–E).

Discussion

The HMGR and DXR revealed crucial 
roles in isoprenoid biosynthesis

Several studies report that the activity of HMGR is 
regulated by isoprenoid outcomes when stigmasterol and 
cholesterol reduce the HMGR activity by 35% (Russell and 
Davidson, 1982). The other study revealed a downregulation 
of the activity of HMGR in pea by approximately 40% among 
those treated with ABA, while zeatin and gibberellin improved 
the activity of HMGR (Russell and Davidson, 1982). 
Moreover, the MEP pathway is the primary precursor for 
required plastid isoprenoids (Maurey et  al., 1986; Wright 
et al., 2014). It has been demonstrated that volatile compounds 
produced by the MEP pathway are involved in protecting 
plants against biotic and abiotic stresses (Gershenzon and 
Dudareva, 2007). Additionally, promising metabolite 

compounds have been developed in the mint plant by 
modifying the expression of DXR (Mahmoud and 
Croteau, 2002).

Overexpression of DXR in Arabidopsis results in 
accumulations of isoprenoids such as tocopherols, carotenoids, 
and chlorophylls (Carretero-Paulet et al., 2006). Overexpression 
of DXR has also been proven to improve diterpene content in 
transgenic bacteria (Morrone et  al., 2010). Biotic tolerance, 
which is important in providing pharmaceutical terpenoids by 
expanding the number of enzymes included in biosynthetic 
pathways (Kang et al., 2009; Lu et al., 2016), caused improved 
DXR expression followed by triptophenolide content in 
Tripterygium wilfordii cell culture suspension (Tong 
et al., 2015).

Overexpression of PtHMGR and PtDXR 
regulate the transcription of MEP and 
MVA-related genes

It has been shown that the overexpression of BjHMGS1 
(MVA-related gene) affected the expressions of MEP-related 

FIGURE 4

Assessment of the impact of PtDXR overexpression on isoprenoid and ABA biosynthesis. The qRT-PCR analyses of the expression levels of ABA 
synthesis-related genes and HPLC-MS/MS analyses of the contents of ABA, β-carotene, lycopene, and lutein in PtDXR-OEs. The expression levels 
of the ABA synthesis-related ZEP and NCED genes family are indicated. Bars represent mean ± SD (n = 3); Stars reveal significant differences, 
*p < 0.05, **p < 0.01, ***p < 0.001; Experiments were performed in triplicates.
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genes and slightly increased the transcript levels of DXS and DXR 
in transgenic tomatoes (Liao et al., 2018). In this study, PtHMGR-
OEs exhibited the upregulation of the MEP-related genes DXS, 
DXR, HDS, and HDR and the downregulation of MCT and 
CMK. Like BjHMGS1 overexpression in tomatoes that 
demonstrated a significantly upregulated of the MEP-related 
genes GPS and GPPS (Liao et al., 2018), we also indicated that the 
overexpression of PtHMGR enhanced the GPS, and GPPS 
expressions, resulting in stimulating the crosstalk between IPP 
and DMAPP, which increased the biosynthesis of plastidial C15 
and C20 isoprenoid precursors. Moreover, it has been shown that 
the overexpression of HMGR in Ganoderma lucidum caused to 
upregulate MVA related genes FPS, squalene synthase (SQS), or 
lanosterol synthase (LS), leading to develop the contents of 
ganoderic acid and intermediates, including squalene and 
lanosterol (Xu et al., 2012). Like the effect of overexpression of 
BjHMGS1 in tomatoes, which significantly increased transcript 
levels of FPS, SQS, squalene epoxidase (SQE), and cycloartenol 
synthase (CAS; Liao et al., 2018), this study also exhibited that the 
overexpression of PtHMGR caused to upregulate the MVA related 

genes AACT, MVK, FPS, MVD, and except HMGS. These results 
proved that the MVA-related genes contribute to the biosynthesis 
of sesquiterpenes.

Overexpression of MEP-related gene TwDXR in Tripterygium 
wilfordii promoted the expressions of MVA-related genes 
TwHMGS, TwHMGR, TwFPS, and even MEP-related gene 
TwGPPS but demoted the expression of TwDXS (Zhang et al., 
2018). The other study also reported that the overexpression of 
MEP-related gene NtDXR1 in tobacco upregulated the transcript 
levels of eight MEP-related genes, indicating that the 
overexpression of NtDXR1 led to an improved expression of 
MEP-related genes (Zhang et  al., 2015). In A. thaliana, the 
overexpression of DXR revealed no influence on regulating DXS 
gene expression or enzyme accumulation, although 
overexpression of DXR promotes MEP-derived isoprenoids such 
as carotenoids, chlorophylls, and taxadiene (Carretero-Paulet 
et al., 2006). Overexpression of potato DXS in A. thaliana led to 
upregulate GGPPS and phytoene synthase (PSY; Henriquez et al., 
2016). In this study, the overexpression of PtDXR upregulated the 
MEP-related genes. Controversy, the PtDXR-OEs revealed 

A

B

C

D

E

FIGURE 5

Analyzing the effect of the overexpression of PtDXR on MVA and MEP-derivatives. HPLC-MS/MS analyses of the contents of GA3 (A), IPA (B), TZR 
(C), DCS (D), and CS (E) in PtDXR-OEs compared to NT poplars.
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significant downregulation of MVA-related genes. This study 
indicated that PtHMGR and PtDXR have important influences on 
MEP and MVA-related gene expression.

Overexpression of PtHMGR and PtDXR 
promotes the formation of GA3, and 
carotenoids in plastids and the 
accumulation of TZR, IPA, and DCS in the 
cytoplasm

HMGR is a rate-limiting enzyme in the MVA pathway of 
plants and plays a critical role in controlling the flow of carbon 
within this metabolic pathway. The upregulation of HMGR 
significantly increases isoprenoid levels in plants. The 
overexpression of HMGR has been reported in several plants 

caused to promote the isoprenoid levels significantly. The 
heterologous expression of Hevea brasiliensis HMGR1 in 
tobacco increased the sterol content and accumulated 
intermediate metabolites (Schaller et al., 1995). In addition, the 
overexpression of A. thaliana HMGR in Lavandula latifolia 
increased the levels of sterols in the MVA and MEP-derived 
monoterpenes and sesquiterpenes (Munoz-Bertomeu et  al., 
2007). In addition, the overexpression of Salvia miltiorrhiza 
SmHMGR in hairy roots increased the MEP-derived diterpene 
tanshinone (Kai et  al., 2011). In this study, ABA synthesis-
related genes (NCED1, NCED3, NCED6, ZEP1, ZEP2, and 
ZEP3) and the contents of GA3 and carotenoids were 
upregulated in PtHMGR-OEs. These findings suggest that the 
overexpression of HMGR may indirectly affect the biosynthesis 
of MEP-derived isoprenoids, including GA3 and carotenoids. 
The accumulation of MVA-derived isoprenoids, including TZR, 

A

C D

B

E

FIGURE 6

Phenotypic changes analyses resulted from the overexpression of PtHMGR and PtDXR effects on MVA and MEP pathways. (A, I), The PtDXR 
transgenic revealed a higher stem length than PtHMGR-OEs and NT poplars. (A, II), The PtHMGR transgenic presents more stem development 
than NT poplar. (A, III), NT poplar was used as a control; Scale bar represents 1 cm. (B) The Box and Whisker mean comparison plot of stem lengths 
revealed significantly higher lengths of PtDXR-OEs than NT poplars compared with PtHMGR-OEs. PtHMGR transgenics also revealed significantly 
higher lengths than NT poplars. (C,D) The Violin mean comparison plots of ZEP and NCED relative expressions between PtHMGR-and PtDXR-OEs 
compared with NT poplars. (E) The Box and Whisker mean comparison plot of stem diameters revealed slightly more diameters between PtDXR-
OEs and NT poplars. Stars reveal significant differences, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

8384

https://doi.org/10.3389/fpls.2022.968780
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Movahedi et al. 10.3389/fpls.2022.968780

Frontiers in Plant Science 11 frontiersin.org

IPA, and DCS, was significantly elevated in PtHMGR-OEs, 
indicating that overexpression of PtHMGR directly influences 
the biosynthesis of MVA-related isoprenoids.

DXR is the rate-limiting enzyme in the MEP pathway and is an 
essential regulatory step in the cytoplasmic metabolism of 
isoprenoid compounds (Aharoni et al., 2005). It has been shown 
that the overexpression of DXR in Mentha piperita promotes the 
synthesis of monoterpenes in the oil glands and increases the 
production of essential oil yield by 50% (Mahmoud and Croteau, 
2001). Another study exhibited that overexpression of DXR from 
Synechocystis sp. strain PCC6803 in tobacco resulted in increasing 
the β-carotene, chlorophyll, antheraxanthin, and lutein (Hasunuma 
et al., 2008). In addition, it has been shown that dxr mutants of 
A. thaliana revealed a lack of GAs, ABA, and photosynthetic 
pigments (REF57; Xing et al., 2010) and showed pale sepals and 
yellow inflorescences (Xing et al., 2010). This study exhibits that 
the overexpression of PtDXR positively affects the accumulation of 
GA3 and carotenoids, besides upregulation of MEP-related genes 
DXS, DXR, IDI, HDS, HDR, MCT, CMK, GPS, and GPPS.

Cross-talk exists between MVA and MEP 
pathways in excess of IPP and DMAPP

Although the substrates of MVA and MEP pathways differ, 
there are common intermediates, like IPP and DMAPP 
(Figure  6). Blocking only the MVA or the MEP pathway, 
respectively, does not entirely prevent the biosynthesis of terpenes 
in the cytoplasm or plastids, indicating that MVA and MEP 
pathway products can be transported and/or move between cell 
compartments (Aharoni et  al., 2003, 2004; Gutensohn et  al., 
2013). For example, it has been shown that the transferring of IPP 
from the chloroplast to the cytoplasm was observed through 13C 
labeling (Ma et al., 2017). In addition, segregation between the 
MVA and MEP pathways is limited and might exchange some 
metabolites over the plastid membrane (Laule et al., 2003). Some 
studies have applied the clustered, regularly interspaced short 
palindromic repeats (CRISPR) technology to reconstruct the 
lycopene synthesis pathway and control the flow of carbon in the 
MEP and MVA pathways (Kim et al., 2016). Results showed that 
the expressions of MVA-related genes were reduced by 81.6%, but 
the lycopene yield was significantly increased. By analyzing gene 
expression levels and metabolic outcomes in PtHMGR-OEs and 
PtDXR-OEs, we  discovered a correlation between MVA and 
MEP-related genes among the derived products, which are not 
restricted to cross-talk between IPP and DMAPP (Figure 6).

The overexpression of PtDXR affected the transcript levels of 
MEP-related genes and the contents of MEP-derived isoprenoids, 
including GA3 and carotenoids. The weakened expressions of 
MVA-related genes reduce the yields of MVA-derived isoprenoids 
(including CS) but increase the TZR, IPA, and DCS contents. This 
study hypothesizes that IPP and DMAPP produced by the MEP 
pathway pass the cytoplasm to compensate for the lack of IPP and 
DMAPP of the MVA pathway to synthesize MVA-derived products.

The analysis of the overexpression of PtHMGR in PtHMGR-
OEs exhibited higher transcript levels of MVA-related genes 
AACT, MVK, FPS, MVD, and except HMGS and MEP-related 
genes DXS, DXR, HDS, HDS, HDR, IDI, GPS, and GPPS than NT 
poplars, and proved that the overexpression of MVA related gene 
PtHMGR involves in regulating of both MEP and MVA pathways. 
These results demonstrate that cytosolic HMGR overexpression 
expanded plastidial GPP-and GGPP-derived products, such as 
GA3 and carotenoids, through cross-talk between MVA and MEP 
pathways. These results illustrate that regulation in the expression 
of MEP and MVA-related genes affects the MVA and 
MEP-derived isoprenoids.

The advanced insights in regulating MVA and MEP pathways 
in poplars improve the knowledge about these pathways in 
Arabidopsis, tomato, and rice. Altogether, these results discover 
that manipulating PtDXR and PtHMGR is a novel strategy to 
control poplar isoprenoids.

The overexpression of PtHMGR and 
PtDXR affects cross-talk between MVA 
and MEP pathways, resulting in plant 
growth and developments

ABA and GA3 have been proved that perform essential 
functions in cell division, shoot growth, and flower induction 
(Xing et al., 2016). It has also been shown that the cytokinin TZR, 
a variety of phytohormones, performs important functions in the 
development and growth processes in shoots (Sakakibara, 2006; 
Abul et al., 2010). This study proved that the existing cross-talk 
between MVA and MEP pathways would be impacted positively 
by the overexpression of PtHMGR and PtDXR, leading to 
enhanced plant growth and development.

Conclusion

Isoprenoid compounds, which have a variety of structures 
and properties, play a critical role in the survival and growth of 
plants. In this study, PtHMGR showed positive effects on the 
accumulation of MVA-derived isoprenoids and MEP-derived 
substances, such as ABA, GA3, carotenoids, and GRs, which are 
essential hormones for controlling growth and stress responses. 
PtDXR also exhibited an association with regulating MVA and 
MEP-related genes and derived isoprenoids.
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SUPPLEMENTARY FIGURE 1

Amino acid sequences alignment of PtHMGR protein and other known 
HMGR proteins. The high similarities between Populus species and the 
other species are exhibited. The name of species and also their accession 
numbers are presented. The HMG-CoA and NADPH binding domains are 
indicated in red rectangular.

SUPPLEMENTARY FIGURE 2

Construction of a phylogenetic tree based on the HMGR sequences of 
various species. HMGR has been isolated from 35 species via blast on 
NCBI and aligned, followed by a phylogenetic tree. Results reveal a highly 
conserved HMGR through all the species. The gray rectangular shows 
similar HMGR1 via Populus species located on one root, followed by a red 
dashed rectangle to show the organisms and accession numbers. The 
names of organisms and corresponding accession numbers 
are presented.

SUPPLEMENTARY FIGURE 3

Confirming of transformation of PtHMGR-OEs. (A) Schematic of 
constructed cassette transformed into the PtHMGR transgenic poplars. 
(B) PCR identification of PtHMGR in PtHMGR-OEs and NT poplars. Lane 
M: 15K molecular mass marker (TransGen, China); lane 1: genome DNA 
from NT as negative control; lanes 2–9: genome DNA from PtHMGR-OE 
lines. (C) qRT-PCR identifies the transcript levels of PtHMGR in PtHMGR-
OEs and NT poplars. Three independent experiments were performed; 
Stars reveal significant differences, *p < 0.05, **p < 0.01, ***p < 0.001.

SUPPLEMENTARY FIGURE 4

MEP and MVA-related genes analyses in PtHMGR- and PtDXR-
OEs poplars. (A) MVA-related genes AACT, HMGS, HMGR, 
MVK, MVD, and FPS are affected by the overexpression of 
PtHMGR. (B) MVA-related genes AACT, HMGS, HMGR, MVK, MVD, 
and FPS are affected by the overexpression of PtDXR. (C) MEP-related 
genes DXS, MCT, CMK, HDS, HDR, IDI, GPS, GPPS, and DXR are affected 
by the overexpression of PtHMGR. (D) MEP-related genes DXS, DXR, 
MCT, CMK, HDS, HDR, IDI, GPS, and GPPS are affected by the 
overexpression of PtHMGR. PtActin was used as an internal reference in 
all repeats; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Three 
independent replications were performed in this experiment.

SUPPLEMENTARY FIGURE 5

Chromatogram analyses of GA3 standards via HPLC-MS/MS. The 
chromatogram of standard GA3 at (A) 0.1, (B) 0.2, (C) 0.5, (D) 2, (E) 5, 
(F) 20, (G) 50, and (H) 200 ng/ml concentrations. (I) Equations for the GA3 
standard curves.

SUPPLEMENTARY FIGURE 6

Chromatogram analyses of TZR standards via HPLC-MS/MS. The 
chromatogram of standard TZR at (A) 0.1, (B) 0.2, (C) 0.5, (D) 2, (E) 5, 
(F) 20, (G) 50, and (H) 200 ng/ml concentrations. (I) Equations for the 
TZR standard curves.

SUPPLEMENTARY FIGURE 7

Chromatogram analyses of IPA standards via HPLC-MS/MS. The 
chromatogram of standard IPA at (A) 0.2, (B) 0.5, (C) 2, (D) 5, (E) 20, 
(F) 50, and (G) 200 ng/ml concentrations. (H) Equations for the IPA 
standard curves.

SUPPLEMENTARY FIGURE 8

Chromatogram analyses of DCS standards via HPLC-MS/MS. The 
chromatogram of standard DCS at (A) 0.5, (B) 2, (C) 10, (D) 20, and  
(E) 50 ng/ml concentrations. (F) Equations for the DCS standard curves.

SUPPLEMENTARY FIGURE 9

Chromatogram analyses of CS standards via HPLC-MS/MS. The 
chromatogram of standard CS at (A) 0.5, (B) 5, (C) 10, (D) 20, and  
(E) 50 ng/ml concentrations. (F) Equations for the CS standard curves.
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A toolkit for plant lipid
engineering: Surveying the
efficacies of lipogenic factors
for accumulating specialty lipids

Yingqi Cai1, Xiao-Hong Yu1,2* and John Shanklin1*

1Biology Department, Brookhaven National Laboratory, Upton, NY, United States, 2Department of
Biochemistry and Cell Biology, Stony Brook University, Stony Brook, NY, United States
Plants produce energy-dense lipids from carbohydrates using energy acquired

via photosynthesis, making plant oils an economically and sustainably attractive

feedstock for conversion to biofuels and value-added bioproducts. A growing

number of strategies have been developed and optimized in model plants,

oilseed crops and high-biomass crops to enhance the accumulation of storage

lipids (mostly triacylglycerols, TAGs) for bioenergy applications and to produce

specialty lipids with increased uses and value for chemical feedstock and

nutritional applications. Most successful metabolic engineering strategies

involve heterologous expression of lipogenic factors that outperform those

from other sources or exhibit specialized functionality. In this review, we

summarize recent progress in engineering the accumulation of

triacylglycerols containing - specialized fatty acids in various plant species

and tissues. We also provide an inventory of specific lipogenic factors (including

accession numbers) derived from a wide variety of organisms, along with their

reported efficacy in supporting the accumulation of desired lipids. A review of

previously obtained results serves as a foundation to guide future efforts to

optimize combinations of factors to achieve further enhancements to the

production and accumulation of desired lipids in a variety of plant tissues

and species.

KEYWORDS

lipid engineering, fatty acid, triacylglycerol, lipid droplet, specialty fatty acid, specialty
lipid, lipogenic factor
Introduction

All organisms can convert carbohydrates into fatty acids (FAs), the building blocks of

both phospholipids for membrane synthesis and triacylglycerols (TAGs) for carbon and

energy storage. Some organisms including plants have evolved specialized lipogenic

factors to accumulate large quantities of TAGs or produce specialty FAs. Bio-based
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TAGs, also known as storage lipids, contain more than twice the

energy of carbohydrates, making them a sustainable energy-

dense source of biofuels (Ohlrogge and Chapman, 2011; Singh

et al., 2021). Specialty lipids containing high levels of specialty

FAs can serve as feedstocks for jet fuel, nutraceuticals, and

industrial products because of their distinct physical and

functional properties (Dyer et al., 2008; Park et al., 2021).

However, natural sources of these lipids are limited and

therefore are not sufficient to meet growing demand. Plants

use carbon and energy acquired from photosynthesis to

synthesize FAs and accumulate TAGs and thus represent a

renewable and economically viable platform for lipid

production. General conservation of lipid synthesis across

kingdoms makes it possible to engineer agronomic plants for

the production and accumulation of desired lipids by inter-

species heterologous expression of many lipogenic factors.

In plant cells, FAs are synthesized from acetyl-coenzyme A

(CoA) in plastids (Figure 1; Ohlrogge and Browse, 1995; Li-

Beisson et al., 2013). The heteromeric acetyl-CoA carboxylase

(ACCase) catalyzes the conversion of acetyl-CoA to malonyl-

CoA, the first committed step in FA synthesis. With acetyl-CoA

serving as the starting unit, the acyl chain is extended by the FA

synthase complex (FAS) through sequential condensation of two-

carbon units from malonyl-acyl carrier protein (ACP). FAs
Frontiers in Plant Science 02
8990
reaching a certain chain length (typically C16 or C18) are

released from ACP by fatty acyl thioesterases (FAT)A/B and

exported from plastids. These FAs then enter the acyl-CoA pool

in the endoplasmic reticulum (ER), where they are further

modified and incorporated into glycerolipids (Figure 1). ER-

localized FA elongase (FAE) can add additional two-carbon

units to acyl-CoA to further elongate FAs. The acyl chains

esterified to phosphatidylcholine (PC) undergo modifications to

introduce double bond(s) and functional groups to FAs and the

modified FAs re-enter the acyl-CoA pool through acyl-editing, a

dynamic acyl exchange between PC and the acyl-CoA pool. TAGs

can be assembled via sequential acylation of glycerol-3-phosphate

(G3P) with acyl-CoA as the acyl donor catalyzed by glycerol-3-

phosphate acyltransferase (GPAT), lysophosphatidyl

acyltransferase (LPAT), phosphatidic acid phosphatase (PAP),

and diacylglycerol:acyl-CoA acyltransferase (DGAT) (reviewed

in Li-Beisson et al., 2013; Xu and Shanklin, 2016). Alternatively,

PC can serve as the acyl donor for acylation of diacylglycerol

(DAG) to form TAG by phospholipid:diacylglycerol

acyltransferase (PDAT) (Dahlqvist et al., 2000). In addition, FAs

esterified to PC may enter the TAG pool through the conversion

of PC to DAG and subsequently to TAG by phosphatidylcholine:

diacylglycerol cholinephosphotransferase (PDCT) or

phospholipase C (PLC) (Wang, 2001; Lu et al., 2009). TAGs
FIGURE 1

Overview of FA synthesis and TAG assembly in plants. The conversion of acetyl-CoA to malonyl-CoA by ACCase is the first committed step in
fatty acid synthesis in plastids. With acetyl-CoA serving as the starting unit, the acyl chain is extended by sequential condensation of two-carbon
units from malonyl-ACP by FAS complex. FAs exported from plastids enter the acyl-CoA pool in the ER and can be incorporated into PC, where
acyl groups are modified and re-enter the acyl-CoA pool thorough acyl editing. The Kennedy pathway incorporates acyl-CoA into glycerolipids
via sequential acylation of G3P by GPAT, LPAT and DGAT. TAG can be synthesized through acyl-CoA-dependent (DGAT converting DAG and
acyl-CoA to TAG) and acyl-CoA-independent (PDAT synthesizing TAG from DAG and PC) pathways. TAGs are packaged into LDs and protected
by LD-associated proteins. ACCase, acetyl-CoA carboxylase; ACP, acyl carrier protein; CoA, coenzyme A; MCMT, malonyl-CoA: ACP
malonyltransferase; FAS, fatty acid synthase; FATA/B, fatty acyl thioesterase A/B; ALT, acyl-lipid thioesterase; FAE, fatty acid elongase; GPAT,
glycerol-3-phosphate acyltransferase; LPAT, lysophosphatidyl acyltransferase; PAP, phosphatidic acid phosphatase; DGAT, diacylglycerol:acyl-
CoA acyltransferase; PDAT: phospholipid:diacylglycerol acyltransferase; PLC, phospholipase C; PDCT, phosphatidylcholine:diacylglycerol
cholinephosphotransferase; LPCAT, lysophosphatidylcholine acyltransferase; PLA, phospholipase A; CPS, cyclopropane synthase; EPX,
epoxygenase; FAD, fatty acid desaturase; FAH; fatty acyl hydroxylase; FADX, fatty acid conjugase; G3P, glycerol-3-phosphate; LPA,
lysophosphatidic acid; PA, phosphatidic acid; DAG, diacylglycerol; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; TAG, triacylglycerol.
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synthesized within the bilayer of the ER membrane are packaged

into cytosolic lipid droplets (LDs) by coordination of LD-related

proteins including SEIPIN, LDAP, LDIP, Oleosin, Caleosin, and

Steroleosin (reviewed by Chapman et al., 2012 and Pyc

et al., 2017).

In plants, most TAGs are synthesized and stored in seeds,

serving as a major reserve of carbon and energy for seed

germination and seedling establishment. In contrast, plant

vegetative tissues usually contain trace amounts of TAGs

despite their high capacity for FA synthesis. Studies of lipid

engineering in plants increasingly focus on 1) producing value-

added specialty lipids in seeds of oilseed crops (e.g., Camelina

sativa and Brassica napus) by introducing specialized lipogenic

factors to increase the value of seed oil (Xu et al., 2020; Yuan and

Li, 2020) and 2) enhancing the accumulation of TAGs in

vegetative tissues of high-biomass crops (e.g., Nicotiana

tabacum, Sorghum bicolor, and Saccharum spp. Hybrids) by

overexpressing TAG-enhancing lipogenic factors to increase

the overall lipid yield on a per plant and unit land area basis

(Vanhercke et al., 2019b; Park et al., 2021). Almost all these lipid

engineering approaches require heterologous expression of

lipogenic factors from other organisms. In this review, we

present a survey of work evaluating the efficacy of lipogenic

factors from various organisms in engineering lipids in selected

target plant species. Specifically, we provide a list of lipogenic

factors that exhibit specialized functional features in FA

synthesis and modification (Section I and Table 1),

glycerolipid assembly (Section II and Table 2) and LD

biogenesis (Section III and Table 3) and highlight recent

progress in optimizing combinations of lipogenic factors for

enhanced production of desired lipids, and discuss challenges

and future opportunities for lipid engineering in plants. It can be

difficult to correlate the effects of expressed genes on lipid

metabolism, especially those discussed in review articles, with

their precise coding sequences. In this work we have included

accession numbers wherever possible to address and remedy

this issue.

Section I. Producing specialized
FAs by tailoring FA synthesis
and modification

Lipogenic factors involved in FA synthesis and modification

determine the diversity of FAs with respect to their carbon chain

lengths, degree of unsaturation, and addition of a variety of

functional groups, which determine their physical properties

and potential industrial uses. Typical FAs found conserved in the

plant kingdom range from 16 to 18 carbons in length and

contain 0 to 3 double bounds at D9, D12 and D15 positions (i.e.,

counting relative to the carboxyl group). In contrast to these

“common” FAs, some FAs with shorter or longer chain lengths,

additional double bonds, double bond(s) at different position(s),
Frontiers in Plant Science 03
9091
or functional groups at specific locations along the carbon chain

are found in specific groups of plant species or non-plant

organisms, and thus are referred to as specialty FAs. The

structural properties of these specialty FAs make them

promising feedstocks for biofuels, industrial products and

nutraceuticals. To increase the value of plant lipids,

engineering strategies involving the heterologous expression of

lipogenic factors related to FA synthesis and modification have

been developed to produce specialty FAs in both seed and

vegetative tissues of domesticated plant species (Park

et al., 2021).

In this section, we describe efforts to evaluate enzymes in the

FA biosynthesis and modification pathway that are responsible

for producing the following well-studied types of specialty FAs.

Medium-chain FAs result from the action of FA thioesterases

that release acyl chains from acyl carrier protein (ACP).

Hydroxy, epoxy and conjugated FAs arise from the action of

enzymes that evolved from the D12-oleic FA desaturase 2 (FAD2)

class of integral membrane desaturases (Shanklin and Cahoon,

1998) which act primarily on oleic acid esterified to PC. Omega-

7 monounsaturated FAs with a double bound at the w7 position

(i.e., counting relative to the methyl end of FAs) can be produced

by D9-acyl-ACP or D9-acyl-CoA desaturase with high specificity

for 16:0-ACP or 16:0-CoA, respectively (Bondaruk et al., 2007;

Nguyen et al., 2010). Very-long-chain PUFAs arise from the

action of multiple desaturases and elongases, and their

engineering represents a tour-de-force in heterologous

expression and pathway optimization (Napier et al., 2019).

The last example is the addition of a cyclopropyl group across

the double bond in oleic acid by cyclopropane synthase, a class of

enzymes present in plants and prokaryotes (Bao et al., 2002; Bao

et al., 2003). In section II and III, we summarize the approaches

to incorporate these specialized FAs into TAGs and

subsequently package them into LDs.
Medium-chain fatty acids

Medium-chain FAs (MCFAs) include FAs of 8-14 carbons in

lengths, generated by the hydrolysis of FA from acyl carrier protein

between the C8 and C14 stages of elongation via variants of FATB

with defined chain length specificities (Figure 1). Lipids containing

MCFAs are naturally produced in palm kernel (Elaeis guineensis),

coconut (Cocos nucifera), and cuphea genus (Cuphea pulcherrima,

Cuphea viscosissima, Cuphea palustris, Cuphea hookeriana), and

these plants derived MCFAs serve as potential feedstocks for jet fuel

and industrial products such as cosmetics and detergents (Dyer

et al., 2008; Kallio et al., 2014; Park et al., 2021). To engineer the

production of MCFAs in oilseed crops, FATB variants that

specifically hydrolyze C8-C14 FAs from acyl-ACPs were isolated

from California bay (Umbellularia californica) and Cuphea and

expressed in Arabidopsis thaliana, Camelina sativa, and Brassica

napus. Heterologous expression of U. californica FATB1 produced
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TABLE 1 List of specialized lipogenic factors involved in FA synthesis and modification used for lipid engineering in plants.

Lipogenic
Factor

Origin
Species

Accession
No.

Target
Species

Effects of Heterologous Expression on Lipid Metabolism Reference

FATB1 U.
californica

M94159 B. napus Produced seed oil containing up to 50% MCFA (lauric acid 12:0). Eccleston et al.,
1996;
Voelker et al.,
1996

A. thaliana Produced MCFA (lauric acid 12:0) accounted for up to 37% and 43% of seed oil in
wild-type and aae15/16 mutant backgrounds, respectively.

Tjellström
et al., 2013

U.
californica

M94159
Q41635

C. sativa Produced MCFA (lauric acid, 12:0 and myristic acid, 14:0) accounted for 21% of seed
oil.

Kim et al.,
2015b

C.
viscosissima

AEM72522 C. sativa Produced MCFA (C8-C14) accounted for 15% of seed oil. Kim et al.,
2015b

C.
pulcherrima

AGG79283 C. sativa Produced MCFA (myristic acid, 14:0) accounted for 1.6% of seed oil. Kim et al.,
2015b

FATB2 C. palustris AAC49180 A. thaliana Produced MCFA (myristic acid, 14:0) accounted for up to 39% and 42% of seed oil in
wild-type and aae15/16 mutant backgrounds, respectively.

Tjellström
et al., 2013

C. sativa Produced MCFA (myristic acid, 14:0) accounted for 24% of seed oil. Kim et al.,
2015b

C.
hookeriana

AAC49269 B. napus Produced MCFA (caprylic acid, 8:0; capric acid, 10:0; lauric acid, 12:0) accounted for up
to 40% of seed oil.

Dehesh et al.,
1996

A. thaliana Produced MCFA (caprylic acid, 8:0; capric acid, 10:0) accounted for up to 22% and 25%
of seed oil in wild-type and aae15/16 mutant backgrounds, respectively.

Tjellström
et al., 2013

C.
hookeriana

AAC49269 C. sativa Produced MCFA (C8-C14) accounted for 12.6% of seed oil. Kim et al.,
2015b

FATB3 C.
pulcherrima

KC675178 A. thaliana Produced MCFA (caprylic acid, 8:0; capric acid, 10:0) accounted for up to 6% and 12%
of seed oil in wild-type and aae15/16 mutant backgrounds, respectively.

Tjellström
et al., 2013

C. sativa Produced MCFA (C8-C14) accounted for 2.9% of seed oil. Kim et al.,
2015b

C. sativa Produced MCFA (myristic acid, 14:0) accounted for 7.5% of seed oil. Kim et al.,
2015b

ALT1 A. thaliana NM_103226
At1g35290

C. sativa Produced MCFA (lauric acid, 12:0 and myristic acid, 14:0) accounted for up to 3.5% of
seed oil.

Kalinger et al.,
2021

A. thaliana NM_103226
At1g35290

N.
benthamiana

Produced approximately 50 nmol MCFA (lauric acid, 12:0 and myristic acid, 14:0) per
gram leaf fresh weight.

Kalinger et al.,
2021

ALT4 A. thaliana NM_001334359
At1g68280

C. sativa Produced approximately 1% MCFA (caproic acid, 6:0; caprylic acid, 8:0; capric acid,
10:0; and myristic acid, 14:0) in seed oil.

Kalinger et al.,
2021

N.
benthamiana

Produced approximately 53 nmol MCFA (caproic acid, 6:0) per gram leaf fresh weight. Kalinger et al.,
2021

FATB2
KAS4

C.
hookeriana

AAC49269
AF060519

B. napus Increased MCFA by 30-40% in seed oil as compared to that of plants expressing
ChFATB2 alone.

Dehesh et al.,
1998

FATB1
KAS4

C. palustris
C.
hookeriana

U38188
AF060519

B. napus Increased MCFA by 40% in seed oil as compared to that of plants expressing ChFATB2
alone.

Dehesh et al.,
1998

FAH C. purpurea EU661785 A. thaliana Produced hydroxy FA (ricinoleic and densipolic) up to 25% of seed oil in the
Arabidopsis fad2/fae1 mutant.

Meesapyodsuk
and Qiu, 2008

FAH12 R.
communis

U22378 A. thaliana Produced hydroxy FA (ricinoleic, densipolic, lesquerolic, and auricolic acids) accounted
for up to 19% of seed oil in wild-type, fad2/fae1, fad3, and fad3/fae1 plants.

Broun and
Somerville,
1997;
Smith et al.,
2003

C. sativa Produced hydroxy FA to approximately 15% of seed oil in the wild-type background. Aryal and Lu,
2018

FAH12-1 H.
benghalensis

KC533767 A. thaliana Produced up to 21% hydroxy FA in seed oil of the fad2/fae1 mutant. Zhou et al.,
2013

FAH12-2 H.
benghalensis

KC533768 A. thaliana Produced up to 18% hydroxy FA in seed oil of the fad2/fae1 mutant. Zhou et al.,
2013
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TABLE 1 Continued

Lipogenic
Factor

Origin
Species

Accession
No.

Target
Species

Effects of Heterologous Expression on Lipid Metabolism Reference

EPX C.
palaestina

Y16283 A. thaliana Produced epoxy FA accounted for up to 6.2% of seed oil, which was further increased to
21% when co-expressed with CpFAD2 in the fad3/fae1 mutant.

Singh et al.,
2001;
Zhou et al.,
2006

G. hirsutum Produced epoxy FA accounted for 17% of seed oil when co-expressed with CpFAD2. Zhou et al.,
2006

E. lagascae AF406732 N. tabacum Produced epoxy FA accounted for 15% of total FA in calli. Cahoon et al.,
2002

G. max Produced epoxy FA accounted for 8% of total FA in somatic embryos. Cahoon et al.,
2002

S. laevis AY462108 A. thaliana Produced 2.4% epoxy FA (vernolic acid) in seed oil. Hatanaka et al.,
2004

P. hybrida Produced epoxy FA (vernolic acid) accounted for 0.5% of total lipids when transiently
expressed in leaves.

Li et al., 2010

G. max Produced 8% epoxy FA (vernolic acid) in seed oil. Li et al., 2010

V.
galamensis

N/A N.
benthamiana

Produced epoxy FA accounted for 8.7% of total leaf lipids, which was further increased
to 13.1% when co-expressed with VgFAD2.

Sun et al., 2022

FADX M.
charantia

AF18252 G. max Produced conjugated FA (eleostearic and parinaric acids) accounted for up to 18% of
total FA in somatic embryos.

Cahoon et al.,
1999

A. thaliana Produced eleostearic acid accounted for approximately 13% of total seed FA in the fad3/
fae1 mutant.

Cahoon et al.,
2006

I.
balsamina

AF182520 G. max Produced conjugated FA (eleostearic and parinaric acids) accounted for up to 5% of
total FA in somatic embryos.

Cahoon et al.,
1999

C. officinalis AF310156 G. max Produced calendic acid accounted for approximately 22% of total FA in somatic
embryos.

Cahoon et al.,
2006

A. thaliana Produced calendic acid accounted for approximately 15% of total seed FA in the fad3/
fae1 mutant.

Cahoon et al.,
2006

V. fordii AF525535 A. thaliana Produced eleostearic acid accounted for approximately 6% of total seed FA in the fad3/
fae1 mutant.

Cahoon et al.,
2006

A. thaliana Produced approximately 2% eleostearic acid in leaf neutral lipids. Yurchenko
et al., 2017

D9-AAD A. syriaca U60277 A. thaliana Failed to produce detectable w-7 FA in seed oil. Bondaruk et al.,
2007

D9-AAD D. unguis-
cati

AF051134 A. thaliana Produced approximately 28% and 9% w-7 FAs in Arabidopsis and Brassica seed oil,
respectively.

Bondaruk et al.,
2007

Com25
(mutated D9-
AAD)

R.
communis

N/A A. thaliana Resulted in accumulation of w-7 FAs to 14% and 56% of seed oil when expressed in
wild-type and fab1/fae1 backgrounds, respectively.

Nguyen et al.,
2010

C. sativa Increased the content of w-7 FAs to approximately 17% of seed oil. Nguyen et al.,
2015

SnD9D
AnD9D

S. nodorum
A. nidulans

A. thaliana Produced w-7 FAs accounted for approximately 24% of seed oil and further increased
the level of w-7 FAs to up to 71% of seed oil when co-expressed with Com 25 in fab1/
fae1 seeds.

Nguyen et al.,
2010

Com25
FAT5

R.
communis
C. elegans

C. sativa Produced w-7 FAs accounted for approximately 23% and 65% of seed oil in wild-type
and fab1/fae1/fatb backgrounds, respectively.

Nguyen et al.,
2015

CPS S. foetida AF470622 A. thaliana Produced a trace amount of CPA (~0.05% of total FA) in seeds of the fad2/fae1 mutant. Yu et al., 2011

E. coli M98330 N.
benthamiana

Produced up to 3.7% CPA in total FA in leaves, which was increased to 11.8% when
NbFAD2 was silenced, and a novel C18:2CPA.

Okada et al.,
2020

E. coli 944811 A. thaliana Produced substantial amounts of CPA (up to 9.1% of total FA) in seeds of the fad2/fae1
mutant.

Yu et al., 2014

C. sativa Produced up to approximately 10% CPA in total seed FA. Yu et al., 2018

CPS1 G. hirsutum AY574036 A. thaliana Produced detectable amounts of CPA (up to 1% of total FA) in seeds of the fad2/fae1
mutant.

Yu et al., 2011
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TABLE 2 List of specialized lipogenic factors involved in glycerolipid assembly used for lipid engineering in plants.

Lipogenic
Factor

Origin
Species

Accession
No.

Target
Species

Effects of Heterologous Expression on Lipid Metabolism Reference

LPAT C. nucifera U29657 B. napus Enabled efficient MCFA (lauric acid, 12:0) deposition at the sn-2 position of TAG, resulting
in accumulation of lauric acid to over 50% of seed oil when co-expressed with UcFATB1.

Knutzon
et al., 1999

C. nucifera Q42670
U29657

C. sativa Increased lauric acid (12:0) and myristic acid (14:0) in seed oil and at the sn-2 position of
TAG when co-expressed with UcFATB1 and CpFATB2, respectively.

Kim et al.,
2015b

V.
galamensis

N/A N.
benthamiana

Increased the level of epoxy FA from 8.7% to 16.7% when co-expressed with VgEPX. Sun et al.,
2022

S. foetida KC894726 A. thaliana Enriched CPA in glycerolipids and increased CPA accumulation up to 35% of total seed FA
when co-expressed with EcCPS in the fad2/fae1 mutant.

Yu et al.,
2014

C. sativa Enriched CPA in glycerolipids and increased CPA levels up to 18% of total seed FA when
co-expressed with EcCPS in the fad2/fae1 mutant.

Yu et al.,
2018

LPAT2 R.
communis

EU591533 A. thaliana Slightly increased the level of hydroxy FA in seed oil in the fae1 mutant expressing
RcFAH12.

Shockey
et al., 2019

V. fordii MH823254 A. thaliana Significantly increased eleostearic acid content in seed oil in the fad3/fae1 mutant
expressing VfFADX.

Shockey
et al., 2019

C.
viscosissima

ALM22867 C. sativa Enabled deposition of capric acid (10:0) at the sn-2 position of TAG. Kim et al.,
2015a

LPAT2a C.
pulcherrima

ALM22869 C. sativa Enabled deposition of capric acid (10:0) at the sn-2 position of TAG. Kim et al.,
2015a

LPATB C.
pulcherrima

ALM22873 C. sativa Enabled deposition of myristic acid (14:0) but not capric acid (10:0) at the sn-2 position of
TAG.

Kim et al.,
2015a

LPCAT V.
galamensis

N/A N.
benthamiana

Increased the level of epoxy FA from 8.7% to 19.4% when co-expressed with VgEPX. Sun et al.,
2022

PDCT R.
communis

EQ973818 A. thaliana Enriched hydroxy FA in DAG and TAG, increased hydroxy FA levels to nearly 20% of seed
oil when co-expressed with RcFAH12 in the wild-type background, and partially restored
the decreased seed oil content caused by RcFAH12 expression.

Hu et al.,
2012

L. chinensis KU926346 C. sativa Enhanced the transfer of CPA from PC to DAG and led to a 57% increase in CPA
accumulation in TAG when co-expressed with EcCPS relative to expressing EcCPS alone in
the fad2/fae1 mutant.

Yu et al.,
2019

PLCL1 R.
communis

XM_002523576 C. sativa Enriched hydroxy FA in TAG, increased hydroxy FA levels to 22% of seed oil when co-
expressed with RcFAH12.

Aryal and
Lu, 2018

PDAT1A
(PDAT1-2)

R.
communis

NM_001323733 A. thaliana Channeled hydroxy FA into TAG and increased hydroxy FA to 27% of seed oil when co-
expressed with RcFAH12 in the fae1 mutant.

van Erp
et al., 2011

DGAT1 C.
pulcherrima

KU055625 C. sativa Enriched MCFA (capric acid, 10:0) in TAG and increased capric acid content to 14.5% of
seed oil when co-expressed with CvFATB1.

Iskandarov
et al., 2017

V.
galamensis

EF653277 P. hybrida Resulted in a 2-fold increase in epoxy FA in leaves co-expressing VgDGAT1 and SlEPX
relative to expressing SlEPX alone.

Li et al.,
2010

G. max Increased the accumulation of epoxy FA to 15% of seed oil when co-expressed with SlEPX. Li et al.,
2010
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TABLE 1 Continued

Lipogenic
Factor

Origin
Species

Accession
No.

Target
Species

Effects of Heterologous Expression on Lipid Metabolism Reference

N.
benthamiana

Produced up to 1% CPA in total FA in leaves, which was increased to 4.8% when
NbFAD2 was silenced.

Okada et al.,
2020

D12-DES
D15/w3-DES
D6-DES
D6-ELO
D5-DES
D5-ELO
D4-DES

P. sojae
P. infestans
O. tauri
P. patens
T. sp.
O. tauri
O. RCC809

EGZ11023
XP_002902599
XP_003082578
AAL84174
AAM09687
CAI58913
JGI: 40461

C. sativa Represent an optimal combination of genes for EPA and DPA biosynthesis in oilseeds.
Routinely produced EPA and DHA in excess of 20% total seed oil.

Han et al.,
2020; Han
et al., 2022
N/A, not available.
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TABLE 2 Continued

Lipogenic
Factor

Origin
Species

Accession
No.

Target
Species

Effects of Heterologous Expression on Lipid Metabolism Reference

C.
ellipsoidea

KT779429 A. thaliana Increased seed oil content by 8–37%. Guo et al.,
2017

B. napus Increased seed oil content by 12–18%. Guo et al.,
2017

DGAT2 R.
communis

EU391592 A. thaliana Enhanced the incorporation of hydroxy FA into TAG and increased the level of hydroxy
FA to approximately 30% of seed oil when co-expressed with RcFAH12 in the fae1 mutant.

Burgal et al.,
2008;
Shockey
et al., 2019

V.
galamensis

FJ652577 P. hybrida Resulted in a 6-fold increase in epoxy FA in leaves co-expressing VgDGAT2 and SlEPX
relative to expressing SlEPX alone.

Li et al.,
2010

G. max Increased the accumulation of epoxy FA to 26% of seed oil when co-expressed with SlEPX. Li et al.,
2010

V. fordii DQ356682 A. thaliana Redirected eleostearic acids from phospholipids to TAGs, increased eleostearic acid to
approximately 12% of neutral lipids in leaves and mitigated the negative growth effects
caused by FADX expression. No significant increase in eleostearic acid was observed in
seeds.

Yurchenko
et al., 2017;
Shockey
et al., 2019

M.
musculus

BC043447 N.
benthamiana

Increased TAG contents by 20-fold when transiently expressed in leaves. Cai et al.,
2019

DGAT2-2 C.
esculentus

N/A N. tabacum Increased TAG contents in leaves to 5.5% DW, which is 7.2-fold and 1.7-fold higher than
that in wild-type leaves and leaves expressing AtDGAT1, respectively. Increased the
proportion of oleic acid in leaf lipids.

Gao et al.,
2021

DGAT5
(DGTT5)

N. oceanica KY273672 N.
benthamiana

Increased TAG contents by 2-fold when transiently expressed in leaves. Zienkiewicz
et al., 2017

A. thaliana Increased TAG contents by 6-fold in leaves and increased seed oil content by 50%. Zienkiewicz
et al., 2017

DGAT
(DAcT)

E. alatus GU594061 A. thaliana Resulted in accumulation of acTAG up to 40% of total TAG in seed oil. Durrett
et al., 2010

C. sativa Produced an average of 52% acTAG in seed oil. Alkotami
et al., 2021

E. fortunei MF06125 C. sativa Produced an average of 72% acTAG in seed oil. Alkotami
et al., 2021

LPAT,
DGAT
(DAcT)

C. nucifera
E. alatus

Q42670
GU594061

C. sativa Produced about 15% acTAG with MCFA in seeds expressing UcFATB1 and with silenced
endogenous DGAT1 and PDAT1.

Bansal et al.,
2018

LPAT2,
DGAT1

C.
viscosissima
C.
pulcherrima

ALM22867
KU055625

C. sativa Enriched MCFA (capric acid, 10:0) in TAG and increased capric acid content to 23.7% of
seed oil, which is higher than that in plants expressing these enzymes individually.

Iskandarov
et al., 2017

LPAT2,
DGAT2

V. fordii MH823254
DQ356682

A. thaliana Increased the content of eleostearic acids to nearly 30% of seed oil in the fad3/fae1 mutant
expressing VfFADX.

Shockey
et al., 2019

LPAT2,
DGAT2

R.
communis

EU591533
EU391592

A. thaliana Produced a higher level of hydroxy FA (up to 30% of seed oil) in the fae1 mutant
expressing RcFAH12, compared to expressing RcLPAT2 or RcDGAT2 alone.

Shockey
et al., 2019

GPAT9,
LPAT2,
DGAT2

R.
communis

EU391594
EU591533
EU391592

A. thaliana Adding RcGPAT9 to the combination of RcLPAT2 and RcDGAT2 did not further increased
hydroxy FA content.

Shockey
et al., 2019

GPAT9,
LPAT2,
PDAT1A

R.
communis

NP_001310690
NP_001310679
NM_001323733

A. thaliana Produced tri-hydroxy-TAG, increased hydroxy FA to 34% of seed oil, and restored seed oil
content to wild-type level when co-expressed with RcFAH12 in the fae1 mutant.

Lunn et al.,
2019

DGAT2,
LPCAT,
PDAT1-2,
PDCT

R.
communis

EU391592
KC540908
NM_001323733
EQ973818

A. thaliana Produced hydroxy FA to approximately 25% and 31% of seed oil in the wild-type and fae1
backgrounds, respectively, when co-expressed with RcFAH12.

Park et al.,
2022
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N/A, not available.
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MCFAs primarily consisting of lauric acid (C12:0) up to 21%, 37%,

and 50% of seed oil in Camelina, Arabidopsis, and B. napus,

respectively (Eccleston et al., 1996; Voelker et al., 1996; Tjellström

et al., 2013; Kim et al., 2015b). FATB variants from different Cuphea

species showed different efficiencies and substrate chain length

specificities when expressed in oilseed plants (Table 1).

Expression of FATB2 from C. hookeriana could produce MCFAs

ranging from C8 to C14 with capric acid (C10:0) as the most

abundant species accounted for approximate 12%, 22%, and 40% of

total seed lipids in Camelina, Arabidopsis, and B. napus, respectively

(Dehesh et al., 1996; Tjellström et al., 2013; Kim et al., 2015b).

FATB1 from C. viscosissima produced 15% MCFAs with chain

lengths varying from C8 to C14 in seed oil when expressed in

Camelina, whereas FATB2 from C. palustris produced only myristic

acid (C14:0) to 24% and 39% of seed oil in Camelina and

Arabidopsis, respectively (Tjellström et al., 2013; Kim et al.,

2015b). Relatively low levels of MCFAs (1.2%-7.5% of seed oil)

were detected in seeds of Arabidopsis and Camelina expressing

FATB1, FATB3 or FATB4 from C. pulcherrima, compared with

FATBs from other Cuphea species. Based on data collected from

Camelina, UcFATB1 and CpFATB2 seem to be the most effective

FATB variants in producing MCFAs with UcFATB1 preferentially

generating lauric acid (C12:0) and CpFATB2 exclusively producing

myristic acid (C14:0). Furthermore, co-expression of ChFATB2 or

CpFATB1 with a Cuphea medium-chain-specific 3-ketoacyl-ACP

synthase (KAS4) that catalyzes the condensation of acyl-ACP with

malonyl-ACP increased MCFA content by up to 40% in B. napus

seed oil as compared with that of plants expressing FATB alone

(Dehesh et al., 1998). Disruption of acyl-ACP synthetase (AAE15/
Frontiers in Plant Science 08
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16) that re-activates FAs released from acyl-ACP in Arabidopsis

overexpressing Cuphea FATB further enhanced MCFA

accumulation in seeds (Tjellström et al., 2013). In addition to the

FAT-type thioesterases containing two “hotdog” folds (Mayer and

Shanklin, 2005), another acyl-ACP thioesterase family, acyl-lipid

thioesterase (ALT) with a single “hotdog” fold, is generally present

in all classes of plants (Kalinger et al., 2020). Overexpression of

Arabidopsis ALT1 or ALT4 in Camelina seeds and Nicotiana

benthamiana leaves yielded C6–C14 MCFA at a relatively lower

level (as much as 3.5% of seed oil) compared to the effective FATB

isoforms (Table 1; Kalinger et al., 2021).
Hydroxy fatty acids

The hydroxylation of FAs is mediated by the action of FA

hydroxylase (FAH), the first functionally divergent FAD2

homolog to be identified (Figure 1). That they are

mechanistically related is evidenced by reports that as few as

four substitutions between desaturase and hydroxylase can

interconvert their functionality (Broun et al., 1998; Broadwater

et al., 2002). FAs with hydroxyl groups attached to the acyl chain

are useful feedstocks for the formulation of plastics and

lubricants (Dyer et al., 2008). The major natural source of

hydroxy FAs for industrial uses is castor bean (Ricinus

communis), which accumulates 90% hydroxy FAs (mostly

ricinoleic acid, C18:1-OH) in its seed oil. The enzyme

responsible for synthesizing hydroxy FAs in castor is FAH12

(van de Loo et al., 1995). Heterologous expression of RcFAH12
TABLE 3 List of specialized lipogenic factors involved in LD biogenesis used for lipid engineering in plants.

Lipogenic
Factor

Origin
Species

Accession
No.

Target
Species

Effects of Heterologous Expression on Lipid Metabolism Reference

OLE S. indicum AAD42942 S. tuberosum Increased TAG contents in leaves and tubers (3.3% TAG of DW) when combined
with other lipogenic factors.

Liu et al., 2017

N. tabacum Increased TAG contents in leaves, stems, and roots when combined with other
lipogenic factors.

Vanhercke et al.,
2014
Vanhercke et al.,
2017

S. bicolor Increase TAG (8.4% of DW) and total lipid (9.9% of DW) contents in leaves when
combined with other lipogenic factors.

Vanhercke et al.,
2019a

R. communis N/A A. thaliana Increased hydroxy FA from 18% to 22% of seed oil in Arabidopsis expressing
RcFAH12.

Lu et al., 2006

Cys-OLE S. indicum N/A A. thaliana Enhanced the accumulation of lipids in leaves to a higher level compared with the
wild-type SiOLE.

Winichayakul
et al., 2013

FIT2 M. musculus BAE37420 A. thaliana Increased the number and size of LDs in leaves and enhanced lipid accumulation in
both leaves and seeds.

Cai et al., 2017

N.
benthamiana

Promoted LD proliferation and increased levels of neutral lipids in leaves. Cai et al., 2017

FSP27 M. musculus NM_178373 A. thaliana Increased the number and size of LDs in leaves, and elevated lipid contents in seeds. Price et al., 2020

N.
benthamiana

Mediated LD fusion and increased the number and size of LDs in leaves. Price et al., 2020
N/A, not available.
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in Arabidopsis led to accumulation of hydroxy FAs consisting of

primarily ricinoleic acid accounted for up to 19% of seed oil in

wild type, fad2/fae1, fae1, fad3, or fad3/fae1 backgrounds (Broun

and Somerville, 1997; Smith et al., 2003). Similarly, wild-type

Camelina expressing RcFAH12 produced approximately 15%

hydroxy FAs in seed oil (Aryal and Lu, 2018). Expression of

Hiptage benghalensis hydroxylases HbFAH12-1 and HbFAH12-2

in Arabidopsis fad2/fae1 mutant yielded up to 21% and 18%

hydroxy FA, respectively, in seed oil (Zhou et al., 2013). In

contrast to the plant derived FAH12, a FAH homolog isolated

from a fungal pathogen, Claviceps purpurea, produced 25%

hydroxy FAs in seed oil when expressed in the Arabidopsis

fad2/fae1 mutant (Meesapyodsuk and Qiu, 2008). While

RcFAH12 can effectively produce hydroxy FAs in target plants

and most plant engineering strategies to date have used

RcFAH12 to synthesize hydroxy FAs, searching for a more

effective FAH from other species to further enhance the

accumulation of hydroxy FAs in bioengineered crops might be

productive. Lesquerella (Physaria fendleri), a Brassicaceae

species closely related to Arabidopsis and Camelina, produces

about 50% of lesquerolic acid (C20:1-OH), an elongated form of

ricinoleic acid, in its seed oil (Horn et al., 2016). Thus,

Lesquerella represents a promising alternative industrial

oilseed for HFA production, and specialized HFA-related

factors in Lesquerella represent a promising source for

engineering HFA accumulation in other crops (Horn et al.,

2016; Chen et al., 2021). A recent study demonstrated the

production of erythro-9,10-dihydroxystearate, a vicinal diol by

an acyl-ACP desaturase variant via dioxygenase chemistry

(Whittle et al., 2020). The identification of additional genes

that are more efficient at vicinal diol production may facilitate

large scale production of these compounds that are difficult to

synthesize chemically.
Epoxy FAs

An epoxy group with its oxygen bridging between adjacent

carbons of fatty acyl chains conveys unique chemical reactivity

useful for the production of plastics, polymers, coatings, and

glues. Epoxy FAs are enriched in seed oils of certain plant species

belonging to the Asteraceae and Euphorbiaceae families

(Cahoon et al., 2002). Interestingly, the biosynthesis of epoxy

FAs in different plant species is catalyzed by different classes of

epoxygenase (EPX) enzymes. Those responsible for epoxy FA

biosynthesis in Asteraceae species such as Crepis palaestina,

Stokesia laevis, and Vernonia galamensis are divergent forms of

the FAD2 desaturase, whereas epoxygenases in Euphorbiaceae

species such as Euphorbia lagascae are cytochrome P450

enzymes (Bafor et al., 1993; Liu et al., 1998; Cahoon et al.,

2002). Despite the distinction of these two classes of EPX,

heterologous expression of these enzymes in plants resulted in

accumulation of similar levels of epoxy FAs (mostly vernolic
Frontiers in Plant Science 09
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acid, C18:1- D12-epoxy FA) in seed oils (Table 1). Expression of

the FAD2-like EPX coding genes from C. palaestina and S. laevis

led to accumulation of approximately 2.4%-8% epoxy FAs in

seed oils of Arabidopsis and soybean, and the cytochrome P450-

type EPX from E. lagascae produced about 8% epoxy FAs in

soybean somatic embryos (Singh et al., 2001; Cahoon et al., 2002;

Hatanaka et al., 2004; Li et al., 2010). Providing the exogenous

CpEPX with more linoleic acid (C18:2) substrate by disrupting

FAD3 and FAE1 in Arabidopsis increased the levels of epoxy FAs

to 8.6% of seed oil (Zhou et al., 2006). Previous studies suggested

that heterologous expression of either type of EPX can reduce

the accumulation of linoleic acid in target plants probably caused

by decreased activity of the endogenous FAD2 enzyme, and co-

expression of EPX with a typical FAD2 dramatically enhanced

the production of epoxy FAs to 21% of seed oil in Arabidopsis

fad3/fae1 mutant (Singh et al., 2001; Cahoon et al., 2002; Zhou

et al., 2006). In addition, epoxy FAs can also be engineered in

non-seed tissues. Expression of ElEPX in tobacco (Nicotiana

tabacum) calli produced epoxy FAs accounted for 15% of total

lipids (Cahoon et al., 2002). Transient expression of SlEPX in

petunia (Petunia hybrida) leaves or a FAD2-like EPX from V.

galamensis in N. benthamiana leaves resulted in accumulation of

0.5% or 8.7% epoxy FAs in total leaf lipids, respectively (Li et al.,

2010; Sun et al., 2022). Moreover, co-expression of VgEPX with

VgFAD2 increased the level of epoxy FAs to 13.1% of total lipids

in N. benthamiana leaves (Sun et al., 2022). Collectively,

divergent classes of EPX from different plant species seem to

be equally effective in producing epoxy FAs in seeds and

providing more linoleic acid by overexpressing a “typical”

FAD2 or disrupting FAD3 and FAE1 is critical for further

increasing epoxy FA levels.
Omega-7 unsaturated fatty acids

Omega-7 unsaturated FAs (w-7 FAs) are potential

feedstocks for the production of octene, a high-demand

industrial product used for polyethylene production (Nguyen

et al., 2010). Some plants (e.g., milkweed [Asclepias syriaca] and

cat’s claw vine [Doxantha unguis-cati]) can naturally produce w-
7 FAs (e.g., palmitoleic acid 16:1D9 and cis-vaccenic acid

18:1D11) by D9-acyl-ACP desaturase (AAD) with high

specificity for 16:0-ACP (Cahoon et al., 1997; Cahoon et al.,

1998). Heterologous expression of the milkweed 16:0-ACP

desaturase in Arabidopsis failed to produce detectable w-7 FA,

while the Doxantha 16:0-ACP desaturase produced

approximately 28% and 9% w-7 FAs in Arabidopsis and

Brassica seed oil, respectively (Bondaruk et al., 2007). An AAD

variant with high specificity for converting 16:0-ACP to 16:1 D9-

ACP was selected from a pool of randomized mutants of castor

AAD (Cahoon and Shanklin, 2000), and expression of this

engineered enzyme (Com25) in Arabidopsis seeds resulted in

accumulation of w-7 FAs to 14% of seed oil (Nguyen et al.,
frontiersin.org

https://doi.org/10.3389/fpls.2022.1064176
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Cai et al. 10.3389/fpls.2022.1064176
2010). Increasing the level of 16:0-ACP by silencing the 16:0-

ACP elongase, b-ketoacyl-ACP synthase II (KASII/FAB1), in

fae1 mutant overexpressing Com25 further increased the

content of w-7 FAs to 56% of seed oil. Co-expressing Com25

with two fungal D9-16:0-CoA desaturases from Stagonospora

nodorum (SnD9D) and Aspergillus nidulans (AnD9D) in fab1/

fae1 mutant increased w-7 FA content to 71% of seed oil by

desaturating saturated FAs after transfer from the plastid to the

ER (Nguyen et al., 2010). A similar strategy co-expressing

Com25 and a D9-16:0-CoA desaturase from Caenorhabditis

elegans (FAT5) in Camelina seeds with 16:0-ACP substrate

pools increased by silencing genes encoding KASII/FAB1,

FAE1, and16:0-ACP thioesterase (FATB) increased w-7 FAs to

60-65% of seed oil (Nguyen et al., 2015).
Conjugated fatty acids

The FAD2 desaturases that produce conjugated FAs by

converting D9 and D12 double bonds to D11 and D13 double

bonds are designated as FA conjugases (FADX) (Figure 1;

Cahoon et al., 1999; Dyer et al., 2002). The higher oxidation

rates of conjugated FAs relative to typical polyunsaturated FAs

make them useful as drying agents in paints and inks.

Conjugated FAs can also serve as health supplements as they

have been reported to have fat-reducing and anticancer effects in

animals (Lee et al., 2002; Dyer et al., 2008; Yuan et al., 2014).

Natural sources of conjugated FAs include tung tree (Vernicia

fordii), Momordica charantia, Impatiens balsamina, and

Calendula officinalis, and genes encoding FADX enzymes have

been isolated from these plant species and evaluated for their

efficacy in producing conjugated FAs in model plants and oilseed

crops. Ectopic expression of FADX coding genes from I.

balsamina, M. charantia, and C. officinalis in somatic soybean

(Glycine max) embryos resulted in production of conjugated FAs

to approximately 5%, 18%, and 22% of total FAs, respectively

(Cahoon et al., 1999). For engineering approaches carried out in

Arabidopsis seeds, mutants with FA desaturase 3 (FAD3) and

FAE1 disrupted are used to provide more substrates (linoleic

acid) for FADX. Arabidopsis fad3/fae1 mutants expressing

FADX genes from V. fordii, M. charantia, and C. officinalis

accumulated approximately 6%, 13%, and 15% conjugated FAs

in seed oil, respectively (Cahoon et al., 1999; Cahoon et al.,

2006). Recent attempts to engineer conjugated FAs in plant

vegetative tissues by expressing VfFADX in Arabidopsis

successfully produced conjugated FAs (eleostearic acid, 18:3,

D9c, D11t, D13t) to 2% of total neutral lipids in leaves

(Yurchenko et al., 2017). Among all FADX enzymes tested so

far, CoFADX seems to be the most effective enzyme for

producing high levels of conjugated FAs in both Arabidopsis

and soybean, but different FADX orthologs produce different
Frontiers in Plant Science 10
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types of conjugated FAs. Conjugated FAs produced by CoFADX

comprise exclusively calendic acid (18:3, D8t, D10t, D12c), while
eleostearic acid is the primary conjugated FAs detected in

transgenic plants expressing VfFADX or McFADX. In future

efforts to engineer conjugated FAs, it will be important to select a

FADX that produces high levels and desired types of

conjugated FAs.
Very-long-chain polyunsaturated FAs

Very-long-chain polyunsaturated FAs (VLCPUFA) such as

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)

are FAs with 20 or 22 carbons and 4 to 6 double bonds. EPA

and DHA are valuable nutraceuticals because of their beneficial

roles in fetal neuronal system development and cardiovascular

diseases prevention (Tocher et al., 2019). Marine fish oils are a

major source of EPA, DHA and other w3-VLCPUFAs. However,

the marine-sourced EPA and DHA are insufficient to meet the

increasing demand for these FAs in human diet (Tocher et al.,

2019). To develop sustainable alternative sources of EPA and DHA,

in the past two decades, enormous research effort has been directed

at engineeringw3-VLCPUFAs in plant oils, and significant progress

has been achieved in producing EPA and DHA in oilseed crops

(Napier et al., 2019). There are two pathways that can produce

VLCPUFAs from linoleic acids: 1) the conventional pathway

including D6-desaturase (DES), D6-elongase (ELO), D5-DES, D5-
ELO, and D4-DES; and 2) the alternative pathway using D9-ELO,
D8-DES, D5-DES, D5-ELO, and D4-DES. Both pathways have been

introduced into plants and successfully produced EPA and DHA in

both seed and vegetative tissues (Qi et al., 2004; Wu et al., 2005;

Wood et al., 2009; Petrie et al., 2010). It was later found that, besides

the minimum five enzymes required for DHA biosynthesis in

plants, introduction of a highly active D12-DES from Lachancea

kluyveri and a D15/w3-DES with broad substrate specificity from

Pichia pastoris could effectively increase the ratio of w3/w6 FAs and

therefore the level of DHA in seed oil (Petrie et al., 2012; Petrie et al.,

2014). To optimize the engineering strategy to produce high levels

of EPA and DHA in plants, DES and ELO enzymes from a wide

variety of species including algae, fungi, oomycetes, mosses,

animals, and flowering plants were introduced into plants to test

their efficacy in producing EPA and DHA in various plant species

(Abbadi et al., 2004; Qi et al., 2004; Wu et al., 2005; Wood et al.,

2009; Petrie et al., 2010; Petrie et al., 2012; Petrie et al., 2014; Han

et al., 2020; Han et al., 2022). The optimal enzyme combination that

achieved the highest levels of EPA and DHA (over 20%) in seed oil

reported to date consists of a D12-DES from Phytophthora sojae,

D15/w3-DES from Phytophthora infestans, D6-DES from

Ostreococcus tauri, D6-ELO from Physcomitrella patens, D5-DES
from Thraustochytrium sp., D5-ELO from O. tauri, and D4-DES
from Ostreococcus RCC809 (Han et al., 2020; Han et al., 2022).
frontiersin.org

https://doi.org/10.3389/fpls.2022.1064176
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Cai et al. 10.3389/fpls.2022.1064176
Cyclopropane fatty acids

Cyclopropane FAs (CPAs), such as dihydrosterculic acid (9,

10-methylene octadecanoic acid) and lactobacillic acid (11, 12

methylene octadecanoic acid), are specialized FAs that contain a

cyclopropane group (three-carbon carbocyclic ring) within the

carbon chain. They are found in bacteria and certain plant

species such as Litchi chinensis. The highly strained and

reactive carbocyclic ring of CPA readily opens to form methyl-

branched fatty acids, which exhibit unique physical and

chemical properties such as low melting temperatures,

resistance to oxidation, and propensity for self-polymerization,

making CPAs suitable for application in lubricants, paints, and

coatings (Carlsson et al., 2011). Ectopic expression of genes

encoding cyclopropane synthase (CPS), the enzyme catalyzes the

conversion of monounsaturated FAs to CPAs (Figure 1),

successfully produced CPAs in plants that normally lack these

compounds. Intriguingly, the CPS gene from Escherichia coli is

more effective than CPS homologs isolated from plant species for

synthesizing CPAs in plants (Table 1). Engineering of CPAs in

Arabidopsis and Camelina seeds were carried out in mutant lines

with reduced FA desaturase 2 (FAD2) and FA elongase 1 (FAE1)

that accumulate increased levels of oleoyl substrates for CPA

production. Expression of CPS genes cloned from Sterculia

foetida and cotton (Gossypium hirsutum) in Arabidopsis fad2/

fae1 mutant lines led to the accumulation of CPA to between

0.05% and 1% of total seed FAs, respectively (Yu et al., 2011). In

contrast, the expression of E. coli CPS resulted in nearly 10%

CPA accumulation in seed oil in Arabidopsis and Camelina (Yu

et al., 2014; Yu et al., 2018). Recently, researchers tested the

ability of CPS enzymes to synthesize CPAs in plant vegetative

tissues by transiently expressing cotton or E. coli CPS genes in N.

benthamiana leaves and found that GhCPS1 produced up to 1%

CPA of total leaf FAs while EcCPS expression led to the

accumulation of CPA up to 3.7% of total lipids (Okada et al.,

2020). The levels of CPAs in leaf lipids can be further elevated to

4.8% and 11.8% by silencing the expression of endogenous

NbFAD2 in leaves expressing GhCPS1 and EcCPS, respectively

(Okada et al., 2020). Therefore, future strategies to engineer CPA

accumulation in plant seed and vegetative tissues will exploit

EcCPS rather than plant CPS variants.
Section II. Optimizing lipid
accumulation by channeling
selected FA toward TAG

TAGs, also known as storage lipids, are the most abundant

form of vegetable oils. They primarily accumulate in seeds to

provide energy for seed germination and establishment. In plant

vegetative tissues such as leaves, TAGs are barely detectable and

serve primarily as transient intermediates for FAs removed from
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membrane lipids prior to their degradation (Xu and Shanklin,

2016). Accumulation of free FAs in cells and specialty FAs in

membrane lipids can result in negative effects on plant growth.

One reason for this is that they elicit feedback inhibition of FA

synthesis via biotin attachment domain-containing protein

(BADC), a negative regulator of ACCase (Yang et al., 2015;

Salie et al., 2016; Zale et al., 2016; Keereetaweep et al., 2018; Yu

et al., 2021). Channeling FA flux toward the TAG pool can

reduce the accumulation of free FAs and remove specialty FAs

from membrane lipids, thereby mitigating their negative growth

effects and further enhancing the accumulation of lipids with

desired acyl composition. Therefore, Lipogenic factors involved

in glycerolipid assembly capable of accommodating specialty FA

substrates represent critical targets for enhancing specialty FA-

containing TAG accumulation in plants. In the following

subsections, we summarize previous efforts to assess the

efficacies of TAG-assembly-related enzymes for optimizing the

accumulation of desired lipids.
Incorporating specialty FA into TAG

Incorporation of specialty FA into TAG requires specialized

enzymes that can recognize the specialized FA for catalyzing

multiple steps of TAG assembly (Figure 1). In the glycerolipid

biosynthesis pathway, The ER-localized LPAT catalyzes the

transfer of FAs from the acyl-CoA pool to LPA to form PA,

which serves as a key intermediate for channeling FAs into

TAGs and membrane lipids. Lysophosphatidylcholine

acyltransferase (LPCAT) incorporates FAs into PC. PDCT and

PLC catalyze the conversion of PC to DAG and thereby allow

FAs esterified to PC to enter the DAG pool, which are

subsequently converted to TAG by DGAT and PDAT. Below

we describe some variants of these enzymes that are specialized

for incorporating different types of specialty FAs into TAGs.

LPATs with substrate specificities for
specialty FAs

Divergent LPATs from specialty FA-accumulating

organisms have evolved specialized substrate specificities for

incorporating specialty FAs into TAGs (Table 2). For instance,

LPAT variants from organisms naturally accumulating MCFAs

(e.g., C. nucifera, C. viscosissima, and C. pulcherrima)

preferentially incorporate MCFAs to the sn-2 position of LPA,

and when combined with FATBs, enabled efficient deposition of

MCFAs at the sn-2 position of TAG and further increased total

MCFA contents (Knutzon et al., 1999; Kim et al., 2015a; Kim

et al., 2015b). Notably, expression of CnLPAT, CvLPAT2, and

CpuLPAT2a resulted in the deposition of capric acid (C10:0) at

the TAG sn-2 position, whereas CpuLPATB expression led to

accumulation of myristic acid (C14:0) instead of capric acid

(C10:0) at the sn-2 position of TAG, suggesting distinct substrate

specificities of divergent forms of LPATs for different MCFAs
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(Knutzon et al., 1999; Kim et al., 2015a; Kim et al., 2015b).

RcLPAT2 isolated from castor and VfLPAT2 from tung tree

producing conjugated FAs improved the accumulation of

hydroxy FAs and conjugated FAs, respectively, in Arabidopsis

seeds (Shockey et al., 2019). Co-expression of the LPAT from

epoxy FA-rich V. galamensis with VgEPX increased the level of

epoxy FAs from 8.7% (VgEPX alone) to 16.7% of total lipids in

N. benthamiana leaves (Sun et al., 2022). For CPA engineering,

co-expression of SfLPAT2 from CPA-enriched S. foetida with

EcCPS in the fad2/fae1 mutant resulted in the accumulation of

CPA at both sn-1 and sn-2 positions of PC and further increased

CPA contents to 35% and 18% of seed oils in Arabidopsis and

Camelina, respectively (Yu et al., 2014; Yu et al., 2018).

LPCAT, PDCT and PLC variants channeling
specialty FA into PC and DAG

Given the crucial role of PC in acyl editing and TAG

biosynthesis, specialized LPCAT, the enzyme catalyzing the

conversion of lysophosphatidylcholine (LPC) and acyl-CoA to

PC, may contribute to the incorporation of specialty FAs into

TAGs. Indeed, the specialized LPCAT from V. galamensis, an

oleaginous plant containing high levels of epoxy FAs in its seed

oil, greatly enhanced the accumulation of epoxy FAs from 8.7%

to as much as 19.4% of total lipids when co-expressed with

VgEPX in N. benthamiana leaves (Sun et al., 2022). Studies of

transgenic Arabidopsis and Camelina engineered to produce

CPA and hydroxy FAs revealed that PCs containing these

specialty FAs were not efficiently converted to DAGs and

TAGs, identifying bottlenecks for the accumulation of

specialty FAs (Bates and Browse, 2011; Yu et al., 2018). To

address these bottlenecks, specialized enzymes that convert

CPA-containing or hydroxy-containing PCs to DAGs

including PDCT and PLC were used to further enhance the

production of specialty FAs (Figure 1; Table 2). In efforts to

engineer hydroxy FAs in model and crop plants, a PDCT

(RcPDCT) and a PLC (RcPLCL1) were isolated from castor

and tested in transgenic plants expressing RcFAH12. It was

shown that both RcPDCT and RcPLCL1 could enrich hydroxy

FA in DAG and TAG and increase total hydroxy FA contents

from 10-15% to approximately 20% of seed oil (Hu et al., 2012;

Aryal and Lu, 2018). Co-expression of LcPDCT from CPA-

enriched L. chinensis with EcCPS enhanced the deposition of

CPA in DAG and TAG and led to a 50% increase of CPA in seed

oil compared with that of plants expressing EcCPS alone (Yu

et al., 2019).

Specialized DGATs and PDATs for producing
TAGs containing specialty FAs

Several studies have reported that specialized DGATs and

PDATs with high specificities for specialty FAs are necessary for

addressing bottlenecks for the accumulation of specialty FAs in

target plants (Park et al., 2021; Lunn et al., 2022). In one of such

study, a DGAT from C. pulcherrima, namely CpuDGAT1 was
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identified, which showed a higher enzyme activity toward

MCFA substrates relative to typical FAs. Expression of

CpuDGAT1 in Camelina seeds containing MCFA produced by

the exogenous CvFATB1 enriched MCFA (capric acid, 10:0) in

TAG and increased capric acid content from 8% to 14.5% of seed

oil (Iskandarov et al., 2017). Two DGATs from V. galamensis

were tested in petunia leaves and soybean seeds for their ability

to enhance epoxy FA accumulation. When co-expressed with the

epoxygenase gene from Stokesia laevis (SlEPX), both VgDGAT1

and VgDGAT2 further increased epoxy FA contents in petunia

leaves and soybean seeds, and VgDGAT2 seemed to have a

greater impact on epoxy FA accumulation than VgDGAT1 (Li

et al., 2010). To engineer conjugated FAs in Arabidopsis,

VfDGAT2, a DGAT gene isolated from tung tree was co-

expressed with VfFADX. While no significant increase in

eleostearic acid was detected in seeds co-expressing VfDGAT2

and VfFADX relative to that in seeds expressing VfFADX alone,

introducing VfDGAT2 into Arabidopsis leaves expressing

VfFADX resulted in redirection of eleostearic acids from

phospholipids to TAGs, an increase in eleostearic acid

contents, and mitigation of negative growth effects (Yurchenko

et al., 2017; Shockey et al., 2019). For hydroxy FA engineering,

specialized DGAT and PDAT isolated from R. communis were

combined with RcFAH12 individually to produce TAGs with

high levels of hydroxy FAs, and both RcDGAT2 and RcPDAT1A

enhanced the incorporation of hydroxy FAs into TAG and

increased the content of hydroxy FAs to 30% and 27% of seed

oil, respectively (Burgal et al., 2008; van Erp et al., 2011; Shockey

et al., 2019).

Combinations of TAG-assembly enzymes to
enrich specialty FA in TAG

To further enhance the production of specialty TAGs,

enzymes involved in different steps of TAG assembly were

combined to maximize the incorporation of the specialty FAs

into TAGs (Table 2). Combining CvLPAT2 and CpuDGAT1

from MCFA-enriched Cuphea species greatly enriched capric

acid (C10:0) accumulation in TAG and increased capric acid

content to 23.7% of seed oil, which is higher than that in

Camelina expressing these enzymes individually (Iskandarov

et al., 2017). For hydroxy FA engineering, RcLPAT2 and

RcDGAT2 isolated from castor synergistically increased the

level of hydroxy FA to up to 30% of seed oil, but adding

RcGPAT9, a specialized GPAT that incorporates hydroxy FAs

to the sn-1 position of G3P, to this combination did not further

boost the accumulation of hydroxy FAs (Shockey et al., 2019). In

a similar study, Lunn et al. (2019) successfully enriched tri-

hydroxy-TAG, increased hydroxy FA to 34% of seed oil, and

restored seed oil content to wild-type levels by co-expressing

RcGPAT9, RcLPAT2, RcPDAT1A in an RcFAH12 transformed

Arabidopsis fae1 mutant (Table 2). Another combination

including RcLPCAT, RcPDCT, RcPDAT1-2, RcDGAT2

produced about 31% hydroxy FA in Arabidopsis fae1 mutant
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seeds expressing RcFAH12 and increased both seed size and oil

per seed (Park et al., 2022).
Producing acetyl-TAG using
specialized DGATs

Acetyl-TAGs (acTAGs) are specialty TAGs with an acetate

esterified to the sn-3 position in place of a long-chain fatty acid.

Oils containing acTAGs exhibit reduced viscosity and therefore

have high value in a wide variety of industrial applications such

emulsifiers and lubricants. Specialized DGATs (DAcT)

responsible for acTAG biosynthesis were isolated from

Euonymus alatus and Euonymus fortune, plants that naturally

produce acTAGs in their seeds. Heterologous expression of

EaDAcT resulted in accumulation of 40% and 52% of acTAG

in seeds of Arabidopsis and Camelina, respectively (Durrett

et al., 2010). EfDAcT, functioning more efficiently than

EaDAcT, produced an average of 72% acTAG in transgenic

Camelina seeds (Alkotami et al., 2021). Interestingly, co-

expression of CnLPAT from MCFA-containing coconut and

EaDAcT from acTAG-enriched E. alatus in camelina plants

expressing UcFATB1 produced acTAGs with MCFAs, which

have yet to be found in nature, suggesting a potential synthetic-

biology strategy for creating novel lipid structures in plants

(Bansal et al., 2018).
Enhancing TAG accumulation by
introducing an effective DGAT

DGAT enzymes catalyze the final committed step of TAG

biosynthesis, and an efficient DGAT is key to enhancing TAG

accumulation in plants (Figure 1). Zienkiewicz et al. (2017)

screened six out of 12DGATs from Nannochloropsis oceanica, a

microalga that produces high amounts of TAGs, and identified

DGAT5 (DGTT5) as the most efficient isoform for restoring

TAG synthesis in a TAG synthesis-deficient mutant of yeast.

Transient expression of NoDGTT5 in N. benthamiana leaves led

to a 2-fold increase in TAG, and stable expression of NoDGTT5

in Arabidopsis increased leaf TAG contents by 6-fold and

boosted seed oil content by 50% (Zienkiewicz et al., 2017). In

another study of DGATs from microalga, DGAT1 from

Chlorella ellipsoidea increased the oil content by 8–37% and by

12–18% in seeds of Arabidopsis and B. napus, respectively (Guo

et al., 2017). In addition, mouse (Mus musculus) DGAT2, the

predominant DGAT responsible for TAG biosynthesis in

mouse, when transiently expressed in N. benthamiana leaves,

produced over 20-fold more TAG than that of control leaves

(Cai et al., 2019). Recently, a study of Cyperus esculentus, a

unique plant accumulating large amounts of TAG in its

underground tubers, revealed that its heterologous expression

in N. tabacum increased the TAG content to 5.5% of leaf dry
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weight (DW), which is 7.2-fold and 1.7-fold higher than that in

wild-type leaves and leaves expressing AtDGAT1, respectively

(Gao et al., 2021). Moreover, CeDGAT2-2 expression resulted in

a substantial increase in the proportion of oleic acid in N.

tabacum leaves (Gao et al., 2021). In another study,

heterologous expression of Arabidopsis DGAT1 reportedly led

to a 7-fold increase in TAG contents in N. tabacum leaves

(Bouvier-Navé et al., 2000). That the DGATs tested in different

studies were driven by different promoters, expressed either

transiently or stably, and tested in different plant tissues and

species, precludes us from making meaningful comparisons for

assessing the relative efficacy of DGATs from different sources.

Thus, it would be useful to evaluate all promising DGATs under

same conditions and in same tissues and target organisms.
Section III. Packaging storage
lipids into lipid droplets and
reducing degradation

It has been demonstrated in Arabidopsis that FA

degradation proceeds via a TAG intermediate (Fan et al.,

2014). Emerging evidence indicates that proper and efficient

packaging of TAGs into LDs is critical for increasing the capacity

of lipid accumulation in plant cells, and some lipogenic factors

involved in this process have been included in metabolic

engineering strategies to enhance lipid production in plants

(Table 3). In this section, we describe some attempts to

enhance specialty lipid accumulation in plants with the use of

LD-related factors and list other LD-related factors that could be

engineered for specialty lipid accumulation in plants.

Oleosins (OLE), the predominant LD coat proteins specific

to plants, have been used in several studies to engineer LDs for

increased lipid accumulation in plant cells. The L-oleosin from

sesame (Sesamum indicum) and especially its modified version

(cysteine- [Cys]-oleosin) have been combined with other

lipogenic factors to engineer storage lipids in vegetative tissues

of Arabidopsis, N. tabacum, Solanum tuberosum, and Sorghum

bicolor (Winichayakul et al., 2013; Vanhercke et al., 2014;

Vanhercke et al., 2017; Liu et al., 2017; Vanhercke et al.,

2019a). Expression of the castor RcOLE in RcFAH12-

expressing Arabidopsis further increased hydroxy FA from

18% to 22% of seed oil (Lu et al., 2006).

SEIPIN, a key protein that orchestrates the machinery of LD

biogenesis at the ER, can promote LD biogenesis and increase

TAG contents in plants (Cai et al., 2015). Overexpression of

AtSEIPIN1 in Arabidopsis seeds engineered to synthesize

hydroxy FAs increased the hydroxy FA and total lipid

contents, representing a potential new target for engineering

specialty FAs in plants (Lunn et al., 2018). Interestingly, some

LD proteins without apparent homologs in plants still exhibit

conserved functional features as part of the LD biogenesis
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machinery when ectopically expressed in plants and thus can be

used as tools to manipulate LD formation in plants. For instance,

ectopic expression of the mouse fat storage-inducing

transmembrane protein 2 (FIT2), an ER-localized protein that

facilitates the portioning of TAGs from the ER into nascent LDs,

in Arabidopsis and N. benthamiana led to increased numbers

and sizes of LDs and enhanced lipid accumulation in both leaves

and seeds (Cai et al., 2017). In another similar study, mouse fat-

specific protein 27 (FSP27), a vertebrate-specific protein that

mediates LD fusion, was found to promote LD fusion, and

enhance the accumulation of LDs and TAGs when expressed in

Arabidopsis and N. benthamiana (Price et al., 2020). It is an

open question whether proteins related to LD formation have

evolved specificities for packaging selected specialty TAGs into

LDs. Future efforts to elucidate the roles of LD-related proteins

in specialty FA accumulation will shed new light on metabolic

engineering of desirable lipids in plants.

LD-associated lipases hydrolyze TAGs to release FAs, which

are subsequently catabolized via b-oxidation in the peroxisomes

to produce acetyl-CoA (Eastmond and Graham, 2001). SUGAR

DEPENDENT 1 (SDP1) is a primary TAG lipase responsible for

TAG degradation in plants (Eastmond, 2006; Kelly et al., 2013b).

The suppression of SDP1 during seed development resulted in

increased production of seed oil in Arabidopsis (van Erp et al.,

2014), B. napus (Kelly et al., 2013a), Jatropha curcas (Kim et al.,

2014), and soybean (Kanai et al., 2019; Aznar-Moreno et al.,

2022). SDP1 from Physaria fendleri has been shown to

preferentially hydrolyze TAGs containing hydroxy FAs and

suppression of its expression increased total FA content by 14-

19%, primarily contributing to the significantly increased

hydroxy FA (Azeez et al., 2022). Recent studies identified

additional proteins involved in the mobilization of LDs in

plants including UBX-domain containing protein 10 (PUX10),

CELL DIVISION CYCLE 48, (CDC48A), Comparative Gene

Identification-58 (CGI58), ATP-binding cassette transporter-

like protein (PXA1), and AT-hook motif containing nuclear

localized transcriptional repressor (AHL4) (Zolman et al., 2001;

James et al., 2010; Park et al., 2013; Deruyffelaere et al., 2018;

Kretzschmar et al., 2018; Cai et al., 2020). Future work to tune

the expression of these factors may contribute further to

enhancing the accumulation of lipids, including specialty FAs,

in plants.
Concluding remarks and
future perspectives

Extensive efforts and substantial progress have been made in

the past two decades to design and test metabolic engineering

strategies for producing desirable lipids in plants for bioenergy,

industrial, and nutraceutical purposes. These studies have

generated a broad array of lipogenic factors for engineering
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different types of lipids in various plant species. Selecting

lipogenic factors that outperform their alternatives when

expressed in a target crop is key to optimizing the design of

engineering approaches for maximized production of selected

lipids. Notably, the optimal lipogenic factors for plant lipid

engineering may be sourced outside of the plant kingdom. For

instance, the CPS from E. coli and the FAH from a fungal

pathogen (C. purpurea) were shown to be more effective in

producing CPA or hydroxy FA in plants than the plant-sourced

ones (Meesapyodsuk and Qiu, 2008; Yu et al., 2014). In

organisms producing high levels of specialty FAs, besides the

enzymes responsible for FA synthesis and modification, other

lipogenic factors function in glycerolipid assembly and LD

formation may have evolved specialized features to

accommodate these specialty FAs by depositing them in TAGs

and subsequently packaging them in LDs. Therefore, future

efforts to enhance specialty lipid accumulation in agronomic

crops may be enhanced by introducing multiple specialized

lipogenic factors involved in all key steps in lipid synthesis

and packaging.

As our understanding of the structural basis of specialized

lipogenic factors increases, future research of metabolic

engineering will benefit from designing novel lipogenic factors

that can outperform naturally occurring ones or produce novel

lipids that have not been previously identified in nature based on

sequence comparison, computational protein design or directed

evolution. Deployment of new computational tools such as

AlphaFold to these efforts will likely enhance their success

(Mirdita et al., 2022). The feasibility of the former approach has

been validated in several studies. In attempts to generate novel

DGAT enzymes with improved efficiencies in TAG production,

mutant variants of soybean and hazelnut (Corylus americana)

DGAT1s produced higher levels of TAGs when expressed in

plants compared to the wild-type versions (Roesler et al., 2016;

Hatanaka et al., 2022). The structural details of acyl-ACP

desaturases guided the generation of a mutant D9-acyl-ACP
with amino acid substitutions in the substrate binding pocket,

which was combined with other lipogenic factors to engineer the

specialty w7 monounsaturated FAs in seed oil (Cahoon and

Shanklin, 2000; Nguyen et al., 2010) (Whittle and Shanklin,

2001). Similarly, expression of the native M. charantia FADX in

Arabidopsis fad3/fae1 mutant yielded 10% a-eleostearic acid,

while the mutagenized McFADX (G111V) or McFADX

(G111V/D115E) resulted in a doubling of conjugated FA

accumulation to approximately 20% of seed oil. Like the native

McFADX, the mutant McFADX (G111V) produced

predominantly a-eleostearic acid and little punicic acid, whereas

the McFADX (G111V/D115E) double mutant produced nearly

equal amounts of a-eleostearic acid and punicic acid (Rawat et al.,
2012). In addition, variants of the castor stearoyl-ACP desaturase

(T117R/D280K) generated by site-directed mutation can

synthesize a novel FA, erythro-9,10-dihydroxystearate, with
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vicinal hydroxyl groups at C9 and C10 positions (Whittle et al.,

2020). Improved mechanistic understanding will facilitate the

development of novel improved lipogenic factors via site-

directed mutagenesis i.e., rational, structure-based design in

combination with computational modeling (Guy et al., 2022)

that can be optimized by design-build-test-learn cycles for plant

lipid engineering.

Whereas the majority of plant lipid metabolic engineering

has focused on seeds, there is growing interest in engineering

lipids in plant vegetative tissues because of their high biomass and

high capacity for FA synthesis. Most of the FA flux in plant

vegetative tissues is for phospholipids to support membrane

synthesis, while TAGs serve as an intermediate for FA

degradation and are present only at a minimal level in

vegetative tissues (Fan et al., 2014). A variety of lipogenic

factors and combinations thereof, have been evaluated for their

efficacies in enhancing storage lipid accumulation in vegetative

tissues of a small number of plant species (Vanhercke et al.,

2019b). So far, the most successful approach, characterized as the

“push, pull, and protect” strategy, include 1) seed-specific

transcription factors such as WRINKLED1 and LEAFY

COTYLEDON2 (LEC2) to push the carbon flux toward FA

synthesis, 2) acyltransferases such as DGAT and PDAT to pull

FAs into the TAG pool, and 3) LD proteins such as oleosin to

package TAGs into LDs and protect them from degradation

(Vanhercke et al., 2014; Zale et al., 2016; Vanhercke et al., 2017;

Alameldin et al., 2017; Liu et al., 2017; Vanhercke et al., 2019a). A

major challenge for enhancing TAG accumulation in non-seed

tissues is the impairment of growth associated with TAG

accumulation, which may result from the accumulation of

cytotoxic free FAs, toxic effects of expression of seed-specific

transcription factors, and/or the enlarged TAG pool redirecting

carbon flux away from other metabolic pathways (Yang et al.,

2015; Zale et al., 2016; Vanhercke et al., 2019a; Mitchell et al.,

2020). Future efforts to develop improved strategies for mitigated

growth impairment and further enhancement of vegetative TAG

production will focus on the identification of alternative lipogenic

factors that can more efficiently incorporate FAs to TAGs and

have reduced negative impacts on plant growth. Additional

promising approaches include restricting the expression of

lipogenic factors to certain tissues or growth stages using

inducible or tissue-specific promoters (Andrianov et al., 2010;

Kim et al., 2015c; Liang et al., 2022) , or the expression of factors

such as purple acid phosphatase2 (Cai et al., 2022). Despite the

challenges, vegetative biomass represents a sustainable and

economical platform for lipid accumulation and the success in

engineering TAG accumulation therein will facilitate increased

yields per unit land area of high-value lipids containing specialty

FAs in vegetative tissues by introducing additional specialized

lipogenic factors.
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Exploiting photosynthesis-
driven P450 activity to produce
indican in tobacco chloroplasts
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Johan Ø. Ipsen4, Christoph Crocoll5, Tomas Laursen1,
Elizabeth M. J. Gillam6 and Mathias Pribil 7†

1Section for Plant Biochemistry, Department of Plant and Environmental Science, University of
Copenhagen, Frederiksberg, Denmark, 2School of Biology and Environmental Science, Queensland
University of Technology, Brisbane, QLD, Australia, 3Australian Research Council (ARC) Centre of
Excellence in Synthetic Biology, Queensland University of Technology, Brisbane, QLD, Australia,
4Section for Forest, Nature and Biomass, Department of Geosciences and Natural Resource
Management, University of Copenhagen, Frederiksberg, Denmark, 5DynaMo Center, Section for
Molecular Plant Biology, Department of Plant and Environmental Science, University of
Copenhagen, Frederiksberg, Denmark, 6School of Chemistry and Molecular Biosciences, University
of Queensland, Brisbane, QLD, Australia, 7Section for Molecular Plant Biology, Department of Plant
and Environmental Science, University of Copenhagen, Frederiksberg, Denmark
Photosynthetic organelles offer attractive features for engineering small

molecule bioproduction by their ability to convert solar energy into chemical

energy required for metabolism. The possibility to couple biochemical

production directly to photosynthetic assimilation as a source of energy and

substrates has intrigued metabolic engineers. Specifically, the chemical

diversity found in plants often relies on cytochrome P450-mediated

hydroxylations that depend on reductant supply for catalysis and which often

lead to metabolic bottlenecks for heterologous production of complex

molecules. By directing P450 enzymes to plant chloroplasts one can

elegantly deal with such redox prerequisites. In this study, we explore the

capacity of the plant photosynthetic machinery to drive P450-dependent

formation of the indigo precursor indoxyl-b-D-glucoside (indican) by

targeting an engineered indican biosynthetic pathway to tobacco (Nicotiana

benthamiana) chloroplasts. We show that both native and engineered variants

belonging to the human CYP2 family are catalytically active in chloroplasts

when driven by photosynthetic reducing power and optimize construct

designs to improve productivity. However, while increasing supply of

tryptophan leads to an increase in indole accumulation, it does not improve

indican productivity, suggesting that P450 activity limits overall productivity.

Co-expression of different redox partners also does not improve productivity,

indicating that supply of reducing power is not a bottleneck. Finally, in vitro

kinetic measurements showed that the different redox partners were efficiently

reduced by photosystem I but plant ferredoxin provided the highest light-
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dependent P450 activity. This study demonstrates the inherent ability of

photosynthesis to support P450-dependent metabolic pathways. Plants and

photosynthetic microbes are therefore uniquely suited for engineering P450-

dependent metabolic pathways regardless of enzyme origin. Our findings have

implications for metabolic engineering in photosynthetic hosts for production

of high-value chemicals or drug metabolites for pharmacological studies.
KEYWORDS

cytochrome P450, chloroplast, indigo, transient expression, photosynthesis, ferredoxin,
metabolic engineering
Introduction

Biotechnological production of valuable and useful

molecules is a burgeoning field, and in some cases has become

the preferred method to produce biopharmaceuticals or small

molecule compounds (Madhavan et al., 2021; Wu et al., 2021).

Bio-based small molecule production has many environmental

advantages by virtue of being carried out in aqueous systems

using simple sugar or organic acid precursor molecules. This

renders both feedstock and waste streams less environmentally

harmful and, where extraction from natural sources is otherwise

required, avoids putting undue stress on scarce or endangered

natural resources. A growing number of production processes

relying on metabolically engineered organism is emerging as

consumer demand and interest for products from sustainable

sources increases (Nielsen et al., 2022). Microbial hosts still

dominate the field of engineered biomolecule production, both

for protein- and small molecule-based therapeutics, but plants

can be economically competitive vis-à-vis microorganisms for

heterologous production (Holtz et al., 2015). Plants also offer the

enticing possibility of coupling biochemical production directly

to the assimilation of light energy and carbon via

photosynthesis; truly green chemistry (Sørensen et al., 2022).

Recent thorough techno-economic analyses have shown that

bio-fuel manufacturing in photosynthetic algae can be

economically viable given optimal environmental conditions,

especially if co-products such as protein can be extracted in

parallel from the same strain (Roles et al., 2021; Karan et al.,

2022). This offers hope that with proper design and

optimization, production of high value molecules through

metabolic engineering in plants could prove economically

feasible in the future.

Most examples of plants engineered to produce small

molecules have introduced pathways in the cytosol, but

compartmentation of pathways is a growing trend (Huttanus

and Feng, 2017), and follows an increased understanding of the

compartmentalized nature of many biosynthetic pathways

(Heinig et al., 2013). Chloroplasts serve as hubs for cellular
02
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bioenergy generation by virtue of their primary photosynthetic

processes and their role as a carbon fixation, storage and re-

mobilization compartment. Chloroplasts are also highly diverse

metabolic centers that supply precursors for a wide variety of

central and specialized metabolic processes (Heinig et al., 2013;

Nielsen et al., 2016). As such they are attractive compartments

for introducing a variety of metabolic pathways, such as those

dependent on oxyfunctionalization by cytochrome P450

enzymes (Mellor et al., 2016). Because of the widespread

occurrence of P450s throughout all kingdoms of life, their

prominent roles in specialized metabolism and ability to

catalyze remarkably diverse chemical transformations (Podust

and Sherman, 2012; Liu et al., 2020; Behrendorff, 2021), they are

important enzymes in the metabolic engineering toolbox. Most

P450s in eukaryotes localize to the endoplasmic reticulum (ER)

where they are anchored by a single N-terminal transmembrane

domain. Eukaryotes likewise harbor distinct diflavin cytochrome

P450 reductases (CPRs), which are also membrane bound and

localize to the ER confining metabolism to the two-dimensional

membrane lattice (Laursen et al., 2021). Being membrane

proteins and dependent on dedicated reductase systems, P450s

are often difficult to functionally reconstitute in heterologous

hosts and may require significant engineering effort to reach

acceptable functionality (Renault et al., 2014; Liu et al., 2020;

Jensen et al., 2021).

We and others have shown heterologous targeting of P450s to

tobacco chloroplasts by fusion to the chloroplast targeting peptide

from Arabidopsis ferredoxin 2 and found that photosynthesis

supplies reducing equivalents to the P450s via interaction with

chloroplast ferredoxins (Nielsen et al., 2013; Mellor et al., 2016).

Targeting P450 enzymes to thylakoid membranes and avoiding

the need for co-expression of a dedicated reductase is an

advantage for engineering of P450-dependent pathways but has

only been shown for a handful of P450s to date (Nielsen et al.,

2013; Xue et al., 2014; Gnanasekaran et al., 2015; Berepiki et al.,

2016; Fräbel et al., 2018; Li et al., 2019). Several human P450s

produce the insoluble blue dye indigo upon recombinant

expression in E. coli (Gillam et al., 1999). Expression of the
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https://doi.org/10.3389/fpls.2022.1049177
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Mellor et al. 10.3389/fpls.2022.1049177
indole hydroxylase CYP2A6 in tobacco together with either maize

indole-3-glycerol phosphate lyase (BX1) or E. coli tryptophanase

(tnaA) results in accumulation of the glucosylated indigo

precursor indoxyl b-D-glucoside (Figure 1A, indican)

(Warzecha et al., 2007; Fräbel et al., 2018). Here we test the

ability of tobacco chloroplasts to support human P450s by

targeting three indole hydroxylating P450 isoforms and tnaA to

tobacco chloroplasts and use the system to explore strategies for

optimizing photosynthesis-driven indican productivity. We find

that maximal productivity is achieved by expressing P450 and

tnaA from the same vector and co-express a feedback insensitive

mutant of 3-deoxy-D-arabino-heptulosonate 7-phosphate

synthase (AroG*), which catalyzes the first committed step of

the shikimate pathway to boost the supply of tryptophan. Its

transient expression in tobacco yields 37 to 115-fold increases in

aromatic amino acid pools, with concurrent effects on indole

production by tryptophanase. We also co-express different redox

partners but find that neither these nor AroG* affect indican

productivity. Through in vitro study on isolated electron transfer

proteins, we find that plant ferredoxin outcompetes other redox

partners in coupling photosynthetic electron transport and P450

activity. Together, our results show that P450 activity constitutes

the major bottleneck for overall indican productivity in our

transient expression system.
Frontiers in Plant Science 03
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Materials and methods

Expression vectors for E. coli expression

The pTrc99a-AtFd1 vector was a kind gift from Guy T.

Hanke. Flavodoxin genes were amplified by PCR with overhangs

and cloned into pET14b vector using NEB HiFi DNA assembly

master mix (New England Biolabs). The IsiB gene from

Synechocystis sp. PCC6803 was amplified by colony PCR. The

flavodoxin-like domain of human CPR (residues 62-241,

referred to as HsCPR62-241) was amplified from the bicistronic

expression vector pCWori/CYP2A_B49/hNPR (Strohmaier

et al., 2019). After assembly, colony PCR positive clones were

confirmed by sequencing.
Expression vectors for transient
expression in N. benthamiana

The CYP2A_B49 variant was selected based on indigo

productivity in E. coli generated from a DNA shuffling library

using CYP2A5, CYP2A6, and CYP2A13 isoforms (Behrendorff

et al., 2013; Strohmaier et al., 2019). Cytochrome P450 genes

were amplified from E. coli expression constructs (Gillam et al.,
A

B DC

FIGURE 1

(A) Diagram of the indigo pathway introduced into tobacco chloroplasts in this study. Tryptophan is converted by tnaA to indole, which is
hydroxylated to indoxyl by P450s and subsequently glycosylated by endogenous tobacco glucosyltransferases (GT) to form indican. Indigo can
be formed from indican by de-glycosylation and oxidative polymerization. (B) Schematic of constructs used to establish indican production in
chloroplasts using human CYP2 isoforms. Both tnaA and P450s were targeted to chloroplast by Arabidopsis Fd2 transit peptide (TPFd2). The
P450s inserted into thylakoid membranes by their N-terminal transmembrane (indicated by a black square). Agrobacterium carrying vector
encoding tnaA were infiltrated on its own or in combination with vector carrying a human CYP2 isoform, as indicated at equal ODs together
with empty pEAQ vector (pEAQ-EV) to deliver the P19 suppressor of silencing protein. (C) Production of indican by CYP2A6, CYP2A_B49, and
CYP2E1. Extracted ion chromatograms from LC-QTOF-MS/MS analysis of the [M-H]- molecular ion of indican (m/z 294.0983). (D) Relative
productivity of CYP2A6, CYP2A_B49 and CYP2E1 co-expressed transiently in tobacco together with E. coli tnaA, determined by comparison of
internal standard-normalized indican peak areas from 10-11 individually infiltrated tobacco leaves (error bars show SD).
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1999). TnaA and AroG* genes were synthesized by Twist

Bioscience (San Francisco, USA). All inserts were PCR

amplified with overhangs and were cloned into the pN vector

(Karimi et al., 2002; Behrendorff et al., 2019) using NEB HiFi

DNA assembly master mix (New England Biolabs). For

bidirectional promoter constructs, the pN vector was used

without 35S promoter and insert cassette. AtUBQ10 promoter

was amplified from a previously reported construct (Behrendorff

et al., 2019). Nicotiana tabacum ferredoxin chloroplast transit

peptide and Arabidopsis thaliana Hsp18.2 terminator were

synthesized by Twist Bioscience (San Francisco, USA). The

Ubi.U4 promoter was amplified from N. tabacum genomic

DNA. After assembly, colony PCR positive clones were

confirmed by sequencing. pEAQ-HT vectors with AroG*,

AtFd1, IsiB6803, HsCPR62-241 and HsCPRfl inserts were

synthesized by Twist Bioscience (San Francisco, USA).

Nucleotide sequences of the genes, promoters and terminators

used are given in the supplementary materials (Supplementary

Table S1).
Transient expression in N. benthamiana

Colonies of Agrobacterium tumefaciens GV3101

transformed with vectors of interest were inoculated in YEP in

the presence of 10 µg mL-1 rifampicin, 25 µg mL-1 gentamycin

with 100 µg mL-1 spectinomycin (pN, pBJ1) or 50 µg mL-1

kanamycin (pEAQ) and grown with shaking (200 rpm) for 2 d at

28°C. Cells were harvested and suspended in infiltration buffer

(10 mMMES pH 5.6, 10 mMMgCl2, 200 µM acetosyringone) to

the desired OD and incubated at RT with gentle agitation for 2 h.

Leaves of 4-6 week old greenhouse-grown tobacco plants were

infiltrated on the abaxial leaf surface. Plants were allowed to dry

before returning to greenhouse.
Untargeted LC-QTOF-MS/MS

Samples (80-120 mg) were taken from N. benthamiana

plants 3-5 days post inoculation (dpi), snap frozen in liquid

N2 and homogenized using a Retsch Tissue-Lyzer mixer mill (2-

4x30 s, 20 s-1). The homogenized material was extracted with 0.5

mL 80% methanol for 30 min at 4°C. Samples were centrifuged

(2,250 g, 10 min, 4°C) and supernatant diluted 4-fold into milliQ

water containing 1 mg L-1 Leu-enkephalin as internal standard.

LC-MS/MS was performed on a Dionex UltiMate 3000

Quaternary Rapid Separation UHPLC+ focused system

(Thermo Fisher Scientific, Germering, Germany) using a

Kinetex XB-C18 column (100 × 2.1 mm, 1.7 mm, 100 Å,

Phenomenex). Formic acid (0.05% v/v) in water and

acetonitrile (supplied with 0.05% v/v formic acid) were

employed as mobile phases A and B, respectively. Gradient

conditions were as follows: 0.0-0.5 min 5% B; 0.5−.0 17.5 min
Frontiers in Plant Science 04
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5−45% B, 17.5-23.0 min 45-75% B, 23.0-25.0 min 75-100% B,

25.0−26.95 min 100% B, 26.95-27.0 min 100−5% B, and 27.0

−30.0 min 5% B. The flow rate of the mobile phase was 300 mL
min-1. The column temperature was maintained at 30°C. UV

spectra for each sample were acquired at 214, 260, 280, and 300

nm. The UHPLC was coupled to a Compact micrOTOF-Q mass

spectrometer (Bruker, Bremen, Germany) equipped with an

electrospray ion source (ESI) operated in positive or negative

ion mode. The ion spray voltage was maintained at +4500 V and

-3900 V in positive and negative ion mode, respectively. Dry

temperature was set to 250°C, and nitrogen was used as the dry

gas (8 L min-1), nebulizing gas (2.5 bar), and collision gas in both

ion modes. Collision energy was set to 10 eV and 15 eV in

positive and negative ion mode, respectively. MS spectra were

acquired with a sampling rate of 2 Hz in anm/z range from 50 to

1000 and MS/MS spectra in a range of m/z 100-800 in positive

ion mode while in negative ion mode MS spectra were acquired

with a sampling rate of 3 Hz in anm/z range from 50 to 1400 and

MS/MS spectra in a m/z range from 100-1000. Na-formate

clusters were used for mass calibration in both ion modes.

Positive ion mode was used for untargeted metabolomics and

negative ion mode was used to detect indican. Indole did not

provide detectable MS signal and was instead quantified using its

UV absorbance at 214 nm against a standard curve containing

0.75-100 µM indole in 20% methanol.
Analysis of untargeted MS data

Data analysis was performed using MS-DIAL (Lai et al.,

2017). A MS1 tolerance of 0.05 Da was used, and features were

matched to the positive ionization LC-MS/MS library fromMass

Bank of North America (https://mona.fiehnlab.ucdavis.edu/)

using MS1 and MS2 tolerances of 0.01 Da and 0.025 Da,

respectively. After alignment, data was normalized to the peak

area of the Leu-Enk internal standard. PCA analysis was

performed on log10-transformed and auto-scaled data using

only reference matched features. Normalized peak areas of

compounds of interest were extracted directly from MS-DIAL

and plotted using GraphPad Prism.
Quantification of indican by
LC-QqQ-MS/MS

Samples were collected at 5 dpi, homogenized and extracted

as for untargeted MS analysis. Extracts were diluted 20 times

into 20% methanol with 50 µg L-1 p-hydroxybenzaldehyde as

internal standard and subjected to LC-MS analysis.

Chromatography was performed on a 1290 Infinity II UHPLC

system (Agilent Technologies), using a Kinetex XB-C18 column

(100 x 2.1 mm, 1.7 µm, 100 Å, Phenomenex, Torrance, CA,

USA). Formic acid (0.05%, v/v) in water and acetonitrile
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(supplied with 0.05% v/v formic acid) were employed as mobile

phases A and B, respectively. The elution profile for indican was:

0.0-2.5 min, 5-65% B; 2.5-3.0 min 65-100% B, 3.0-4.0 min 100%

B, 4.0-4.1 min, 100-5% B and 4.1-5.0 min 5% B. The mobile

phase flow rate was 400 µL min-1. The column temperature was

maintained at 40°C. The liquid chromatography was coupled to

an Ultivo Triplequadrupole mass spectrometer (Agilent

Technologies) equipped with a Jetstream electrospray ion

source (ESI) operated in negative ion mode. The ion spray

voltage was set to -3000 V. Dry gas temperature was set to

325°C and dry gas flow to 9 L min-1. Sheath gas temperature was

set to 325°C and sheath gas flow to 12 L min-1. Nebulizing gas

was set to 40 psi. Nitrogen was used as dry gas, nebulizing gas

and collision gas. Multiple reaction monitoring (MRM) was used

to monitor precursor ion ! fragment ion transitions

(Supplementary Table S2). MRM transitions and instrument

parameters were optimized using reference standards. Both Q1

and Q3 quadrupoles were maintained at unit resolution. Mass

Hunter Quantitation Analysis for QqQ software (Version 10.1,

Agilent Technologies) was used for data processing. Indican

peak areas were converted to concentrations by comparing

against a standard curve ranging from 0.025-5 µM. Standard

curves of authentic indican (abcam) were prepared in blank

tobacco matrix prepared as described above from

untransformed N. benthamiana to account for matrix effects.
Quantification of amino acids by
LC-QqQ-MS/MS

Samples were collected 5 dpi as described above but

extracted using 85% methanol. Subsequently, samples were

mixed 1:10 (v/v) with 13C, 15N labeled amino acids (Algal

amino acids 13C, 15N, Isotec, Miamisburg, US) at a

concentration of 10 µg*mL-1 either directly or after 10-fold

dilution with water and analyzed by LC-MS. The analysis was

performed as described in (Mirza et al., 2016) with changes as

detailed below. Chromatography was performed on an Advance

UHPLC system (Bruker, Bremen, Germany) using a Zorbax

Eclipse XDB-C18 column (100 x 3.0 mm, 1.8 µm, Agilent

Technologies, Germany). Formic acid (0.05% v/v) in water

and acetonitrile (supplied with 0.05% v/v formic acid) were

employed as mobile phases A and B, respectively. The elution

profile was: 0-1.2 min 3% B; 1.2-4.3 min 3-65% B; 4.3-4.4 min

65-100% B; 4.4-4.9 min 100% B, 4.9-5.0 min 100-3% B and 5.0-

6.0 min 3% B. Mobile phase flow rate was 500 µL min-1 and

column temperature was maintained at 40°C. The liquid

chromatography was coupled to an EVOQ Elite TripleQuad

mass spectrometer (Bruker, Bremen, Germany) equipped with

an electrospray ionization source (ESI). Instrument parameters

were optimized by infusion experiments with pure standards.

The ion spray voltage was maintained at 3000 V in positive ion

mode. Cone temperature was set to 300°C and cone gas flow to
Frontiers in Plant Science 05
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20 psi. Heated probe temperature was set to 400°C and probe gas

flow set to 50 psi. Nebulizing gas was set to 60 psi and collision

gas to 1.6 mTorr. Nitrogen was used as both cone gas and

nebulizing gas and argon as collision gas. Analyte precursor ion

! fragment ion transitions were monitored by MRM, with

transitions chosen as described by Jander et al., with additions

from Docimo et al. for Arg and Lys (Jander et al., 2004; Docimo

et al., 2012). Both Q1 and Q3 quadrupoles were maintained at

unit resolution. Bruker MSWorkstation software (Version 8.2.1,

Bruker, Bremen, Germany) was used for data acquisition and

processing. Individual amino acids in the sample were quantified

by comparison of peak areas of light- amino acids with 13C, 15N-

labeled amino acid internal standards of known concentrations,

except for tryptophan, asparagine and glutamine. Tryptophan

was quantified using 13C, 15N-Phe applying a response factor of

0.42, asparagine and glutamine were quantified using 13C, 15N-

Asp and 13C, 15N-Glu, respectively, applying a response factor of

1.0 (Docimo et al., 2012).
Overexpression and purification of
electron transfer proteins

AtFd1 was expressed in E. coli DH5a after inducing cells

with 1 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) at

OD=1.0 and growing the cells overnight at 37°C with 200 rpm

shaking. Purification was performed essentially as previously

described (Matsumura et al., 1999). Flavodoxins were expressed

in E. coli BL21 (DE3) after inducing cells with 1 mM IPTG at

OD=0.5-0.6 and growing the cells overnight at 30°C (IsiB6803) or

25°C (HsCPR62-241). Cells were and harvested by centrifugation

(10,000 g for 30 min at 4°C) and stored at -20°C. Cells were lysed

by incubation for 30 min on ice with stirring in lysis buffer (50

mM Tris-HCl pH 7.5, 300 mM NaCl, 5 mM imidazole, 0.5 mg

mL-1 lysozyme) before sonicating for 15 cycles (30 s, 50% duty

cycle, amplitude 6 followed by 1 min cooling period) using a

Branson Sonifier 450 sonicator. Lysates were clarified by

centrifugation (14,000 g, 20 min, 4°C) followed by filtering at

0.45 µm. Purification was performed using a Cytiva HisTrap HP

column at 1 mL min-1 on an ÄKTA Start purification system

(Cytiva). The column was washed (20 column volumes, 50 mM

Tris-HCl pH 7.5, 300 mM NaCl, 5 mM imidazole) prior to

eluting with a linear gradient of 5-250 mM imidazole over 30

column volumes. Yellow fractions were pooled, desalted into 50

mM Tris-HCl (pH 7.5) and checked for purity using SDS-PAGE.
Reconstitution of flavodoxins and
determination of FMN
extinction coefficients

Flavodoxins (~1-2 mM) were reconstituted with 10 mM

FMN on ice overnight and desalted into 50 mM tris-HCl (pH
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7.5). FMN incorporation was estimated by comparing with

calculated absorbance ratios for FMN and protein at 280 nm

(0.166, and 0.210, respectively for IsiB6803 and HsCPR62-241).

FMN incorporation was typically >95%. Flavodoxin extinction

coefficients were determined by adapting established protocols

(Mayhew and Massey, 1969) for microtiter plates. FMN cofactor

was extracted by successive treatments with 5% TCA on ice, the

supernatants recovered after centrifugation at 10,000 g for

10 min and neutralized by adding K2HPO4 to 0.3 M. FMN

extinction coefficients were calculated as ϵ = 12.2 mM-1 cm-1 *

(AFMN
bound/AFMN

free) , based on spectrophotometric

measurements of FMN extracted from flavodoxins and

holoflavodoxins measured in UV-clear microtiter plates using

a BioTek Synergy H1 plate reader and corrected for buffer

background. Coefficients of 8.7 and 10.1 mM-1 cm-1 were

obtained, respectively, for IsiB6803 and HsCPR62-241.
Isothermal titration calorimetry

Isothermal titration calorimetry was performed on a

MicroCal PEAQ-ITC calorimeter (Malvern Panalytical).

Titrations were performed by injecting FMN (>95% purity,

Merck Sigma-Aldritch) into a solution of pure IsiB6803 or

HsCPR62-241 apoprotein desalted into 50 mM Tris-HCl pH

7.5. The same preparation of buffer was used for both protein

and ligand. Protein concentration in the cell was 15 µM and

titrant used was 150 µM. After a priming injection of 0.4 µL

titration was performed using a total of 12 injections of 3 µL and

the resulting data was fitted using the MicroCal PEAQ-ITC

analysis software (Malvern Panalytical).
Thylakoid preparation

Thylakoids were prepared by homogenizing leaves of dark-

adapted tobacco plants thoroughly in ice-cold homogenization

buffer (0.4 M sucrose, 20 mM Tricine-NaOH pH 7.5, 10 mM

NaCl, 5 mM MgCl2, 100 mM sodium ascorbate, 5 mg mL-1

bovine serum albumin) using a blender. The homogenate was

filtered centrifuged for 10 min at 5,000 g, 4°C. Pelleted

chloroplasts were resuspended in 5 mM Tricine pH 7.9 and

left to rupture osmotically on ice for 15 min. Thylakoid

membranes were pelleted at 11,200 g, 4°C for 10 min and

resuspended in storage buffer (0.4 M sucrose, 20 mM Tricine-

NaOH pH 7.5, 10 mM NaCl, 5 mM MgCl2, 20% v/v glycerol).

Chlorophyll concentration of preparations was measured

according to Lichtenthaler (Lichtenthaler, 1987).
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Light-dependent coumarin 7-
hydroxylation assays

The activity of CYP2A_B49 was measured after isolating

thylakoid membranes from pN-CYP2A_B49-infiltrated tobacco

plants. Assays contained 50 mM tricine (pH 7.5), 100 mMNaCl,

10 µM coumarin, CYP2A_B49-containing thylakoids (100 µg

chl mL-1) and redox partners (0.1-30 µM). Reactions were

maintained at 25°C and were started by illuminating assays in

black 96-well microtiter plate using a rectangular LED array

connected to a laboratory power supply and adjusted to deliver a

photon flux of 170 µmol m-2 s-1 light intensity. Reactions were

stopped after 2-10 min by addition of 0.33 µM methyl viologen

and switching off the light. Plates were centrifuged (2,850 g,

5 min) and supernatants were filtered through 0.45 µm filters to

remove thylakoid membranes. Umbelliferone fluorescence was

measured against authentic standards (5-100 nM) dissolved in

50 mM tricine (pH 7.5), using excitation and emission

wavelengths of 370 and 450 nm, respectively. Enzymatic rates

were corrected for background rates without redox partner and

the data fitted to the Michaelis-Menten equation to obtain

kinetic parameters using GraphPad Prism.
Cytochrome c reduction assays

Light-dependent cytochrome c reduction was measured

using a Shimadzu UV-2550 double beam spectrophotometer

fitted with a light fiber and 550 nm band pass filters on the

measuring beam windows. Temperature was controlled at 25°C

by thermostat. Assays contained 50 mM Tricine (pH 7.5), 100

mM NaCl, 200 µM cytochrome c, thylakoids (10 µg chl mL-1)

and 0.01-4 µM redox partners. The assay was initiated by

switching on the light source (Schott KL-1500 fitted with red-

light bandpass filters) and the activity was followed for 60 s.

Initial rates of cytochrome c reduction were calculated by taking

a reduced-oxidized extinction coefficient of 18.5 mM-1 cm-1

(Kubota et al., 1992), corrected for the rate of cytochrome c

reduction without redox partner present and fitted to the

Michaelis-Menten equation using GraphPad Prism.
Ferredoxin : NADP+ reductase assays

Assays were carried out at RT in 96-well microtiter plates by

adding 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mMMgCl2,

5 mM glucose 6-phosphate, 5 U mL-1 glucose 6-phosphate

dehydrogenase, 200 µM cytochrome c, and 40 nM spinach

FNR to microtiter wells containing NADPH (500 µM final)

and electron carriers (1-100 µM final). Absorbance was
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measured at 550 nm for 2 min using a BioTek Syntergy H1 plate

reader. Initial rates of cytochrome c reduction were calculated

taking a reduced-oxidized extinction coefficient of 18.5 mM-1

cm-1 (Kubota et al., 1992) and corrected for the background

cytochrome c reduction rate in assays without electron carriers.

The data was fitted to the Michaelis-Menten equation using

GraphPad Prism.
Results

Photosynthesis-driven indican
biosynthesis using human cytochrome
P450 enzymes

Chloroplasts were previously shown to provide membrane

insertion and light-dependent supply of reducing power towards

catalysis by plant cytochrome P450 enzymes (Jensen et al., 2011;

Nielsen et al., 2013). We wanted to investigate whether this

principle could be extended to support catalytic activity by

distantly related P450 enzymes such as those from animals.

We therefore expressed human P450s CYP2A6 and CYP2E1 and

the engineered variant CYP2A_B49, all of which hydroxylate

indole to indoxyl (Gillam et al., 1999) transiently targeted to

chloroplasts in Nicotiana benthamiana, and used the

hydroxylation of indole as a readout for P450 activity

(Figure 1A). Indole hydroxylation was detectable as

accumulation of indoxyl b-D-glucoside, the major

hydroxylated indole metabolite that occurs in plants as a result

o f i n do x y l g l y c o s y l a t i o n b y endog enou s p l a n t

glucosyltransferases (Warzecha et al., 2007). Since tryptophan

biosynthesis occurs in chloroplasts, we co-expressed E. coli L-

tryptophan indole lyase (tnaA), which hydrolyses tryptophan to

indole, also with chloroplast targeting to provide indole

precursor for the P450s. We used the chloroplast transit

peptide from Arabidopsis ferredoxin 2 (TPFd2), which can

direct both membrane targeted P450s and soluble enzymes to

chloroplasts in tobacco (Nielsen et al., 2013), fused at the N-

terminus of both P450s and tnaA to target the enzymes to

chloroplasts (Figure 1B). Agrobacterium strain transfected with

empty pEAQ-HT vector (Peyret and Lomonossoff, 2013) was

mixed with pN-carrying strains at equal ODs in all transfections

to reduce silencing and ensure consistent maximal expression of

tnaA and P450s. Expression of tnaA alone led to detectable

indole accumulation in leaf samples (Supplementary Figure S1).

We detected trace amounts of indican when tnaA was expressed

alone, possibly due to presence of endogenous indole-

metabolizing enzymes, as reported previously (Warzecha et al.,

2007). However accumulation was considerably higher when

any P450 was co-expressed with tnaA (Figure 1C). Four

additional unknown compounds were detected upon

express ion of tnaA with CYP2A6 or CYP2A_B49

(Supplementary Figure S2A). Three of them had identical
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parent masses and were consistent with dioxyindole glucosides

(Supplementary Figure S2B), while the parent mass of the fourth

compound was consistent with hydroxylated indole acetic acid

glucoside (Supplementary Figure S2C). Co-infiltration of tnaA

with CYP2A6 and CYP2A_B49 yielded similar indican

accumulation (Figure 1D), and CYP2A_B49 was used for

subsequent experiments.
Optimization of transient indican
production by T-DNA engineering

Indican production requires both tnaA and P450 transgenes

and we hypothesized that placing both transgenes on the same

T-DNA would improve indican productivity by ensuring all

transfected cells receive both transgenes. To test this hypothesis,

we cloned two bi-directional pN constructs (pBJ1-1 and pBJ1-2)

that contained both tnaA and CYP2A_B49 genes driven by

different promoters (Figure 2A). The CYP2A_B49 gene was

driven by the same 35S promoter/terminator combination as our

single gene pN vectors in both pBJ1 versions, whereas tnaA

expression was driven either by the Arabidopsis polyubiquitin 10

promoter (AtUBQ10, pBJ1-1) or N. tabacum polyubiquitin U4

promoter (Kang et al., 2003) (NtUBQ.U4, pBJ1-2), both with the

Arabidopsis Hsp18.2 terminator (Nagaya et al., 2010). We also

used N. tabacum ferredoxin CTP to avoid re-using that of

Arabidopsis Fd2 to target tnaA to chloroplasts. Having both

enzymes on the same T-DNA nearly doubled indican

accumulation compared to mixing individual Agrobacterium

strains, with the pBJ1-1 and pBJ1-2 constructs producing

equivalent indican amounts (Figure 2B). These results indicate

that expressing multiple interdependent transgenes from the

same T-DNA can increase productivity compared to

introducing the transgenes on individual vectors.
Engineering the shikimate pathway to
boost aromatic amino acid accumulation

We next decided to investigate if indican production could

be further improved by boosting supply of substrates to

CYP2A_B49. Because the indole substrate for CYP2A_B49

derives from conversion of tryptophan by tnaA, we

hypothesized that increasing aromatic amino acid supply

might increase indican production in our system. We had

previously observed increased MS peak areas belonging to Phe,

Tyr and Trp (not shown) after transient expression of a feedback

insensitive variant of 3-deoxy-D-arabino-heptulosonate 7-

phosphate synthase, AroGD146N/A202T (Ding et al., 2014) -

denoted AroG* in the following. To quantify this increase, we

expressed AroG* targeted to chloroplasts with the CTP from

AtFd2 using our pN vector together with pEAQ-EV and

performed absolute quantification of 18 amino acids (Ala, Arg,
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Asn, Asp, Glu, Gln, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr,

Trp, Tyr, Val) at 5 dpi. Plants expressing AroG* accumulated

significantly more aromatic amino acids, with 115-, 49- and 37-

fold increased accumulation of Phe, Tyr and Trp, respectively

(Figure 3, Table 1). Expression of AroG* also caused significantly

increased accumulation of Met, Val, Ile, Leu, His and Arg, but

decreased Asp and Glu accumulation, albeit to a lesser extent

(Figure 3, Supplementary Table S3). Total amino acid

accumulation roughly doubled upon expression of AroG*

compared to empty vector controls (Supplementary Table S3).
Increased Trp or redox partner supply
does not improve transient indican
production

We wanted to test whether increasing Trp content would

yield a corresponding increase in indican accumulation. An

added benefit of the pBJ1-1 and -2 constructs is that we can

co-express additional proteins by swapping them into the empty

cloning site on the pEAQ-EV vector we co-infiltrate to deliver

P19 (Figure 4A). This allows us to keep the total number of T-

DNAs introduced constant and ensures consistent tnaA and

CYP2A_B49 expression levels in each comparison. Upon co-

infiltration of pEAQ-AroG* with pBJ1-1 we unexpectedly saw a

drop in indican productivity compared to pBJ1-1 with pEAQ-

EV (Figure 4B). To investigate whether this drop might be

caused by an overall reduction in the activity of our pathway,

we compared the accumulation of indole in our control (EV)

and AroG* co-infiltrations by UPLC-UV. When co-infiltrating

pBJ1-1 with AroG* we saw approximately four times more

indole than with pEAQ-EV (Figure 4C). We also carried out

untargeted MS analysis to investigate whether any other
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metabolite changes could explain the reduction in indican

observed. Samples from co-expression of AroG* were clearly

separated from EV control in PCA analysis (Supplementary

Figure S3A). The main drivers of the separation were the

aromatic amino acids as well as de-aminated and de-

carboxylated Trp derivatives (Supplementary Figure S3B).

Four compounds spectrally matched to 2-oxindoles mirrored

the accumulation pattern observed for indican (Figure 4B,

Supplementary Figure S4). Two of the features had retention

times that coincided with indican, and probably arose from in-

source fragmentation.

Next, we tested whether increasing the supply of reducing

power to CYP2A_B49 might improve indican biosynthesis. We

previously showed that it is possible to insert redox partners into

the photosynthetic electron transfer chain at the photosystem I-

stroma interface to alter the distribution of photosynthetically

generated reducing power within the chloroplast. An engineered

soluble flavodoxin-like protein derived from plant CPR could

thus interact with and accept electrons directly from PSI (Mellor

et al., 2019). To test whether the same could hold for our indican

biosynthetic system, we introduced additional redox partners.

As for AroG* co-expression, redox partner expression constructs

were encoded on the pEAQ vector to avoid introducing

additional T-DNAs into the infiltration mixture. We chose

three soluble redox partners, namely AtFd1, which we have

previously shown to be the ferredoxin best able to support light-

driven activity of Sorghum CYP79A1 (Mellor et al., 2019), the

cyanobacterial flavodoxin IsiB6803 from Synechocystis sp.

PCC6803, and the flavodoxin-like domain from human CPR,

HsCPR62-241, truncated to produce an independent soluble

flavodoxin-like protein similar to the flavodoxin-like protein

we previously generated from Sorghum CPR2b (Estrada et al.,

2016; Mellor et al., 2019). We also wanted to test whether
A B

FIGURE 2

(A) Schematic of pBJ bidirectional promoter T-DNA constructs used in this experiment. The transmembrane domain of CYP2A_B49 is indicated
by a black bar. Co-expression tnaA and CYP2A_B49 was done either by co-infiltrating pN-tnaA and pN-CYP2A_B49 vectors or by infiltrating the
bi-directional T-DNA pBJ1-1 or pBJ1-2 vectors at equal ODs together with pEAQ-EV to supply the P19 suppressor of silencing gene. (B) Indican
accumulation resulting from expressing tnaA and CYP2A_B49 from individual pN vectors or together from pBJ1-1 or pBJ1-2 vectors. Bars show
averages from 6 individually infiltrated tobacco leaves of similar age with error bars showing standard deviation. Asterisks indicate statistically
significant differences (p < 0.05) in post-hoc pairwise Holm-Šı́ dák tests following one-way ANOVA.
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introducing the full-length CPR, and thus moving competition

for reducing power from the level of ferredoxin to NADPH

(Figure 4A) would improve overall activity. When we co-

infiltrated pEAQ vector carrying either redox partner we saw a

similar productivity as in AroG* co-expression, except for co-

expression of HsCPRfl, in which case indican accumulation was

about 25% that of the EV control (Figure 4B). These results show

that productivity is not limited by availability of indole or redox
Frontiers in Plant Science 09
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supply, and that expressing additional transgenes from the

pEAQ vector has detrimental effects on indican yield.
In vitro comparison of ferredoxin and
flavodoxin redox partners

To better understand how effectively different redox partners

support CYP2A_B49 catalytic activity, we next expressed and

purified the soluble redox carriers AtFd1, IsiB6803, and HsCPR62-

241. All purified proteins showed UV-Visible spectra

characteristic of their 2Fe-2S (AtFd1, Supplementary Figure

S4A) or FMN cofactors (IsiB6803 and HsCPR62-241,

Supplementary Figure S4B). Although both purified

flavodoxins bound FMN, we performed isothermal titration

calorimetry (ITC) to ensure that FMN binding was not

affected by the truncation. Both flavodoxins exhibited native-

like FMN binding (Supplementary Figure S4), with affinities

(Supplementary Table S4) generally consistent with those

reported for cyanobacterial flavodoxins and FMN-binding

domains of eukaryotic CPR (Lian et al., 2011; Lans et al.,

2012). Together these data show that truncated flavodoxin-like

HsCPR62-241 retains the ability to bind FMN in a native-

like manner.

To examine the ability of purified redox partners to support

photosynthesis-driven CYP2A_B49 activity we first measured

the kinetics of electron transfer from photosystem I to each

electron carrier. IsiB6803 outperformed the other electron

carriers, with Vmax/KM ratio (713) almost double that of

AtFd1 (420), and nearly four times that of HsCPR62-241 (198),

though all carriers showed sub-µM KM values (Figure 5A,

Table 2). We then assayed kinetics of NADPH-dependent

reduction of electron carriers by FNR to investigate how

strongly each electron carrier would interact with competing

electron sinks present in chloroplasts. Unexpectedly, Vmax/KM =

13.6 for HsCPR62-241 was about double that of AtFd1 (5.4), and

20-times higher than that of IsiB6803 (Figure 5B, Table 2).

Finally, we measured steady state kinetics of CYP2A_B49

embedded in photosynthetic thylakoid membranes purified

from tobacco after transient expression with each electron

carrier protein. Because indoxyl rapidly oxidizes to form

insoluble indigo dye in vitro, we instead adapted a commonly
FIGURE 3

Changes in amino acid concentrations after transient expression
of AroG*. Volcano plot shows the log2-fold difference in
absolute amino acid abundance between plants infiltrated with
pEAQ-EV alone or with pEAQ-EV and pN-AroG* together at
equal OD quantified 5 dpi. Statistical significance was
determined by unpaired t-tests with correction for multiple
comparisons using two-stage step-up method of Benjamini,
Krieger and Yekuteli (Benjamini et al., 2006), with a false
discovery cutoff of 1% (q = 0.01, horizontal dashed line).
Significantly increased amino acids are plotted in red,
significantly decreased amino acids are plotted in blue and
amino acids for which no significant difference was found in
black.
TABLE 1 Average absolute quantities and ratios of aromatic amino acids in tobacco plants (n=7 leaves from individual plants per condition) after
transient expression of pEAQ-EV or pEAQ-EV + pN-AroG* constructs. The asterisk is part of the name used for the aroG* gene in this study.

Amino acid pEAQ-EV pEAQ-EV + pN-AroG* Ratio
(AroG*/EV)

nmol gFW-1

Phenylalanine 12.0 1374.0 114.8

Tyrosine 5.8 286.3 49.4

Tryptophan 0.6 21.3 36.7
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used surrogate assay for CYP2A6 activity that relies on 7-

hydroxylation of coumarin into umbelliferone (Kim et al.,

2005). This assay revealed that CYP2A_B49 was much more

efficiently reduced by AtFd1 (Vmax/KM = 13.8) compared to the

flavodoxins (Figure 5C, Table 2), with 7 times higher catalytic

efficiency than IsiB6803 (Vmax/KM = 1.9) and 22 times higher

catalytic efficiency than HsCPR62-241 Vmax/KM = 0.6).

Surprisingly, despite deriving from the native human CPR and

reduced quite efficiently by photosystem I, HsCPR62-241 was the

worst redox partner for light-driven CYP2A_B49 activity. To go

further and investigate how the electron carrier proteins would

support CYP2A_B49 activity in the presence of a competing

electron sink measured its light-driven activity in the presence

and absence of the competing enzyme FNR. FNR readily

oxidizes ferredoxins and flavodoxins to reduce NADP+ to

NADPH and consumes most of the photosynthetic reducing

power in chloroplasts (Holfgrefe et al., 1997; Backhausen et al.,

2000). Adding FNR and NADP+ in AtFd1-driven assays

decreased CYP2A_B49 activity by about 80% compared with

assays without FNR (Figure 5D). CYP2A_B49 activity was
Frontiers in Plant Science 10
115116
mostly unaffected in presence of FNR when flavodoxins were

used to supply electron (Figure 5D). Despite the ability of

IsiB6803 and HsCPR62-241 to support CYP2A_B49 activity with

equal efficiency whether in the presence of FNR or not,

CYP2A_B49 activity was still highest in the presence of AtFd1

even when subjected to competition from FNR.
Discussion

A chloroplast targeted indican
biosynthesis pathway is functional
in tobacco

In this study we demonstrate expression and targeting of

three human P450s to chloroplasts in tobacco (Figure 1) and

investigate their light-dependent conversion of indole to the

indigo precursor indican. Two of these P450s are natural human

P450s, and the third a variant generated by DNA shuffling of

three CYP2A isoforms. Functional expression of a mutant of
A B

C

FIGURE 4

(A) Schematic of vector combinations used in this experiment. The transmembrane domain of CYP2A_B49 is indicated by a black bar. pBJ1-1
vector was co-infiltrated with either pEAQ-EV or a pEAQ containing AroG* or one of four redox partners. (B) Indican productivity upon co-
infiltrating pBJ1-1 with pEAQ constructs carrying different transgenes. Two independent transient expression experiments were performed, and
plants analyzed for indican at 5 dpi. Bars show average indican accumulation (n = 8 infiltrated leaves from individual plants per construct
combination) with error bars indicating SD. (C) Indole concentrations quantified at 5 dpi in extracts from tobacco plants infiltrated with pBJ1-1
and either pEAQ-EV or pEAQ-AroG*. Bars show averages from a single experiment (n = 5 infiltrated leaves from individual plants per construct
combination)with error bars indicating standard deviation.
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human CYP2A6 targeted to chloroplast in tobacco was already

demonstrated previously (Fräbel et al., 2018). While we did not

control for differential accumulation of the three P450s

compared, our results were generally in line with previous
Frontiers in Plant Science 11
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CYP2A6-CYP2E1 comparisons (Gillam et al., 1999; Warzecha

et al., 2007). The present study underscores the applicability of

the strategy and shows that photosynthesis can be used widely to

drive P450 activity without co-expression of a dedicated
TABLE 2 Average Michaelis-Menten parameters ( ± SD) of electron transfer reactions between photosystem I, FNR and CYP2A_B49 using the
electron carrier proteins tested in this study.

Photosystem I FNR CYP2A_B49

Electron
carrier

Vmax

nmol cyt c mg chl
-1

s
-1

KM
µM

Vmax

µmol cyt c µmol FNR
-1

s
-1

KM
µM

Vmax

pmol umbelliferone mg chl
-1

min
-1

KM
µM

AtFd1 21.0 ± 0.8 0.05 ± 0.01 117.9 ± 3.4 21.7 ± 1.5 34.4 ± 0.7 2.5 ± 0.2

IsiB6803 28.5 ± 1.3 0.04 ± 0.01 10.0 ± 0.5 17.7 ± 2.3 9.9 ± 0.3 5.2 ± 0.4

HsCPR62-241 21.8 ± 0.5 0.11 ± 0.01 125.1 ± 4.9 9.2 ± 1.3 7.0 ± 0.5 11.0 ± 1.7
fron
A B

DC

FIGURE 5

Flavodoxin and ferredoxin electron transfer kinetics with photosystem I (A), FNR (B) and CYP2A_B49 (C), and CYP2A_B49 + FNR competition
assay (D). (A) Kinetics of electron transfer from photosystem I to redox partners, measured by redox partner mediated cytochrome c reduction
using isolated thylakoid membranes supplemented with varying concentrations of redox partners. (B) NADPH-dependent reduction of electron
carrier proteins by FNR, measured by redox partner mediated cytochrome c reduction. (C) kinetics of photosynthesis-driven coumarin
hydroxylation by CYP2A_B49 in isolated thylakoid membranes in the presence of different redox partners. D, comparison of coumarin
hydroxylation rates from CYP2A_B49 with 10 µM redox partner in the presence or absence of 0.6 µM FNR and 1.6 mM NADP+. Plots show
mean rates measured from three (A, D) or four (B, C) technical replicates with error bars indicating ± SD, as well as corresponding Michaelis-
Menten fits (A–C).
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reductase, because endogenous ferredoxin delivers reducing

power to P450 enzymes with very high efficiency (Figure 5,

Table 2). Stable expression of CYP2A6 with maize BX1 yielded

0.95 mg gDW
-1 in 3–4-week-old plants (Warzecha et al., 2007),

and was subsequently developed further by introducing bacterial

tryptophan halogenases, which allowed synthesis of

chloroindican at high yields (0.93 mg gDW
-1) in a transient

expression system (Fräbel et al., 2018). The titers reported here

(~0.2 mg gFW
-1) are approximately equal to that of plants stably

expressing CYP2A6 (Warzecha et al., 2007) if accounting for the

~80% water content of tobacco leaf (Guo et al., 2019). This

shows a remarkable ability of transient expression to produce

high yields in shorter time than stable transfection. The speed

and scalability of the transient expression system also makes it a

valuable tool for fast turnover testing and may in some cases be

preferred over stable transgenic plants for biomolecule

production (Holtz et al., 2015; Schultz et al., 2019; Kaur et al.,

2021). The data also shows that chloroplast targeting of the

indican biosynthetic pathway is as viable a strategy as retaining

the normal ER targeting of the P450. This is consistent with

previous studies, which have shown that eukaryotic P450

enzymes are generally compatible with heterologous thylakoid

membrane insertion (Nielsen et al., 2013; Xue et al., 2014; Gangl

et al., 2015; Berepiki et al., 2016; Mellor et al., 2016; Li

et al., 2019).
Transient indican production in tobacco
is limited by CYP2A_B49 activity

We investigate whether by boosting precursor supply or co-

expressing redox partners could increase indican productivity.

Expressing a feedback-insensitive DAHP synthase (Ding et al.,

2014) yielded a nearly 37-fold increase in Trp accumulation and

approximately 4-fold increase in indole accumulation (Figure 3,

Figure 4C, Table 1). This accumulation is greater than previously

reported for N. tabacum plants stably expressing feedback

insensitive AroGL175Q, which yielded 43-, 24- and 10-fold

increases in Phe, Tyr and Trp, respectively (Oliva et al., 2020).

Despite the increased aromatic amino acid and indole

accumulation, we did not observe an increase in indican

accumulation when co-expressing AroG* (Figure 4B). We saw

a puzzling decrease in indican accumulation when we expressed

either AroG* or soluble redox partners from the pEAQ vector

alongside the bi-directional pBJ1-1 vector encoding the indican

pathway (Figure 4). We could not determine the exact reason for

this decrease, but untargeted MS analysis did suggest new or

unexplained products (Supplementary Figure 3). Possible

explanations include effects due to re-use of the 35S promoter

or the CTPs used to target enzymes to chloroplasts, either of

which has implications for optimal construct design and should

be investigate more thoroughly. We also cannot definitively rule

out lower accumulation of CYP2A_B49 as a contributor to this
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difference. However, previous work has shown that while protein

expression can be very different between separate batches of

tobacco plants grown at different times (Buyel and Fischer,

2012), protein expression from a given construct within a

batch is relatively consistent when infiltrated into leaves of the

same age between plants when infiltrated into leaves of the same

age between plants (Mellor et al., 2016). Given that these

comparisons were always made together on the same batch of

plants, and the only difference between infiltrations was the gene

inserted in pEAQ vector, we consider reduced CYP2A_B49

expression a less likely explanation. Nevertheless, comparing

AroG* and redox partner co-expression indicates that that

CYP2A_B49 activity rather than supply of indole or redox

equivalents poses the major bottleneck (Figure 4B). This is

surprising, as it implies the enzyme is operating near its

maximal rate in chloroplasts. The CYP2A_B49 variant used

was selected from variant screening based on improved indican

productivity in E. coli, but its actual kinetic parameters for indole

hydroxylation have not been determined. CYP2A6, which

performed very similarly in our initial P450 comparison

(Figure 1) has kcat and kcat/KM values for indole hydroxylation

of 0.62 s-1 and 2.4*103 M-1 s-1, respectively (Zhang et al., 2009).

This is 20 and 40 times less than average kcat and kcat/KM values

surveyed from nearly 2000 enzymes (Bar-Even et al., 2011), and

places CYP2A6 in the 16th percentile of surveyed rates. For

comparison, Sorghum CYP79A1 for which we previously

demonstrated photosynthesis-dependent hydroxylation (Mellor

et al., 2019) has a kcat of 6.8 s-1 (Jensen et al., 2011), in the 42nd

percentile and near the average of enzymatic rates surveyed

(Bar-Even et al., 2011). Altogether, these lines of evidence point

to P450 activity as the major limiting factor for indican

productivity in tobacco.
Ferredoxin as a universal P450 redox
partner for metabolic engineering

Our in vitro comparisons showed that AtFd1 coupled

photosynthetic reducing power to CYP2A_B49 activity better

than either IsiB6803 or HsCPR62-241 derived from the human

CPR (Figure 5C). Unexpectedly, HsCPR62-241 had only 2-fold

lower catalytic efficiency as a photosystem I electron acceptor

than AtFd1, while IsiB6803 had higher efficiency than AtFd1

(Figure 5A, Table 2), which shows that both flavodoxins can

integrate with photosynthetic electron transport. Instead, the

differences in CYP2A_B49 activity probably arises by faster

electro donation from ferredoxin to CYP2A_B49. When we

assayed redox partner-dependent CYP2A_B49 activity in the

presence of FNR, which competes for reduced ferredoxin and

better reflects in vivo productivity (Yacoby et al., 2011; Nielsen

et al., 2013; Mellor et al., 2016) activity driven by AtFd1 was

severely limited (Figure 5D). On the other hand, CYP2A_B49

activity supported by either IsiB6803 or HsCPR62-241 was
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relatively unaffected (Figure 5D). HsCPR62-241 has a FMN redox

potential of -246 mV at pH 7.5 (Das and Sligar, 2009), and for

this redox partner the result is comparable to our previous

finding for the flavodoxin-like domain of Sorghum CPR2b,

whose redox potential of -267 mV (Mellor et al., 2019). Both

FMN redox potentials are more positive than the standard redox

potential of the NADP+/NADPH couple, the FAD cofactor of

FNR (Pueyo et al., 1991) which helps render electron transfer

thermodynamically unfavorable. IsiB6803 on the other hand

possesses a redox potential close to that of ferredoxin by virtue

of its role as a ferredoxin surrogate under iron-limiting

conditions (Ferreira and Straus, 1994; Pierella Karlusich et al.,

2014). As such, there should be no thermodynamic barrier to the

passing of reducing power from IsiB6803 to FNR in our in vitro

assays. We instead show that electron transfer between IsiB6803

and FNR is slow (Figure 5B), probably due to suboptimal

interaction between them, which explains why presence of

FNR does not affect IsiB6803-driven CYP2A_B49 activity.

Our data shows that ferredoxin provides optimal coupling of

CYP2A_B49 to photosynthetic reducing power. Although

coupling P450 activity to photosynthetic reducing power is

still a relatively niche field, plant and cyanobacterial

ferredoxins has been used as surrogate electron transfer

partners in many reconstituted P450 systems (Wirtz et al.,

2000; Jackson et al., 2002; Goñi et al., 2009; Jensen et al., 2012;

Zhang et al., 2018; Mie et al., 2020; Zhu et al., 2020; Liu et al.,

2022). Recently a survey of 16 microbial ferredoxins found

ferredoxin from the cyanobacteria Synechococcus elongatus

PCC 7942 to be the most efficient redox partner for 5 different

P450s (Zhang et al., 2018). This was later expanded to include

further 2 bacterial P450s favoring non-native cyanobacterial

ferredoxin redox partners (Liu et al., 2022). Together with our

own findings, these results suggest that plant and cyanobacterial

[2Fe-2S] ferredoxins may be ideal generalist P450 redox

partners. While this may seem surprising, many ancestral

P450 redox partners were likely to have been either

ferredoxins or flavodoxins (Paine et al., 2005), which implies

the ability to interact with both redox partners could have been

present early in the evolutionary history of this class of enzymes

and was maintained after the rise of eukaryotes. At the same

time ferredoxins have by virtue of their role as central redox

distribution hubs been constrained by evolution to retain

interactions with hundreds of enzymes (Hanke et al., 2011;

Peden et al., 2013; Goss and Hanke, 2014). Such conservation

of redox partner interactions in both P450s and ferredoxins

explains why electron transfer complementarity was maintained

across the evolutionary divide that confined these enzymes to

different cellular compartments.
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Improving yields from photosynthesis-
based indigo production

Overcoming the limitation on indican biosynthesis posed by

the activity of CYP2A_B49 in the system described here can be

approached either by increasing the expression of the P450 or by

screening for variants or enzymes with higher activity. Increased

accumulation of indican was obtained when encoding both

CYP2A_B49 and tnaA genes on the same vector (Figure 2),

but further improvements could be achieved by systematic

optimization of construct design. Stably engineering the

pathway for expression from the chloroplast genome may be

the optimal strategy to reach maximal expression of enzymes for

a given biosynthetic pathway in tobacco. Several reports have

demonstrated high-level production of small molecules by

introducing biosynthetic pathways into the chloroplast genome

(Viitanen et al., 2004; Fuentes et al., 2016; Lu et al., 2017), and

expression levels of individual proteins expressed from the

chloroplast genomes have reached as high as 70% of total leaf

protein (Ruhlman et al., 2010). Furthermore, the bacterial-like

nature of the plastid genetic machinery has allowed the

development of an inducible riboswitch-based T7 promoter

system, which is highly advantageous for introduction of

pathways whose activity cause deleterious effects on the host

plant (Emadpour et al., 2015; Agrawal et al., 2022). Despite being

an incredibly powerful approach towards plant-based

biomanufacturing, generation of transplastomic plants is

difficult and time consuming and far from routine in all but a

few academic labs. In this regard, the scalability and ease of

transient expression approaches allow them to remain viable

alternatives towards high-level small molecule production (Reed

et al., 2017).

Only a handful of P450s are currently known to perform

indole hydroxylation at high rates. Early indole hydroxylating

variants of P450 BM3 had KM for indole at 2 mM, which meant

that overall catalytic efficiency (1.4*103 M-1 s-1) remained lower

than those of human P450s (Li et al., 2008). Since, more recent

BM3 variants showing improved rates (6.7 s-1) and KM values

(140 µM), and resultant much improved catalytic efficiency of

47.9*103 M-1 s-1 (Rousseau et al., 2020). A bacterial CYP153

capable of hydroxylating indole was recently found to by

screening homologs across bacterial genomes for conversion of

indole to indigo (Fiorentini et al., 2018). This enzyme originates

from an unclassified Pseudomonas accession (sp. 19-rlim) and is

a soluble ferredoxin-dependent P450 whose kinetic

characteristics have not been described. Both it and P450s

BM3 variants may thus be interesting candidates for targeting

to chloroplasts.
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Several non-P450 enzymes, mostly deriving from prokaryotic

indole metabolism, are known to catalyze formation of indigo.

Bacterial flavin-containing monooxygenases (FMO) are

NADPH-dependent enzymes, some of which have been found

to produce indigo from indole (Choi et al., 2003; Ameria et al.,

2015), and have been applied successfully in microbial indigo

fermentation schemes (Han et al., 2011; Hsu et al., 2018). A

flavin-dependent monooxygenase recently identified in the

indican-producing plant Polygonum tinctorium (Inoue et al.,

2021) could be the missing indole hydroxylase in the plant

indican biosynthetic pathway. Targeting FMOs to chloroplasts

would shift competition for reducing equivalents to NADPH

instead of ferredoxin. Improved redox supply could be achieved

in this system by engineering FMOs with higher NADPH

affinity (Cahn et al., 2017; Jiang et al., 2020) or increasing

NADPH supply (Assil-Companioni et al., 2020). Some

bacterial naphthalene dioxygenases (NDO) and phenol

hydroxylases (PHO) also hydroxylate indole (Fabara and

Fraaije, 2020). The NDO are ferredoxin-dependent non-heme

iron enzymes, while PHO obtain electrons from NADPH via a

reductase comprising fused ferredoxin reductase-ferredoxin

domains (Leahy et al., 2003) and as such both enzyme types

could potentially be integrated directly with photosynthetic

electron transport. NDO and PHO are however also

heteromultimeric enzyme complexes dependent on multiple

cofactors (Fabara and Fraaije, 2020), and their successful

chloroplast targeting will require more complicated constructs

designs. Establishing indigo production with these types of

enzymes in plants warrants study, but their functional

targeting and assembly in chloroplasts remains to be established.

This study shows the complexities one encounters when

optimizing plant-based metabolic engineering to improve

productivity. Though the tools and approaches in plant

metabolic engineering grow increasingly sophisticated, the

complex genetic and metabolic context found in plant hosts

complicates engineering and makes highly parallelized

experimental workflows difficult to implement. Systematic

studies of genetic and metabolic pathway designs, and studies

aimed at increasing the design toolbox would facilitate

knowledge-based optimization in the future. In addition,

integrating modelling, omics and targeted analytical workflows

for accurate assessment of enzyme and metabolite levels, by now

relatively routine in microbial metabolic engineering studies

(Nielsen et al., 2022) would facilitate identification of pathway

bottlenecks and propel green plant-based bioproduction

platforms of the future.
Conclusions

We demonstrate chloroplast-based production of indican

from tryptophan using photosynthesis-P450 hydroxylation. We

show that indican productivity can be improved by combining
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both tryptophanase and P450 on one T-DNA. Further, we boost

tryptophan accumulation by co-expressing feedback insensitive

mutant DAHP synthase, which increases indole but not indican

yield. Co-expressing additional redox partners also leads to

unaltered indican yield. Further in vitro investigation shows

that ferredoxin provides optimal coupling of photosynthetic

electron transport and P450 activity. Our results demonstrate

that plant chloroplasts provide a viable membrane and redox

environment for animal P450s. Thus, transient expression with

chloroplast targeting can be used to generate active P450s that do

not require additional redox partners and has applications for

metabolic engineering or could be used to elucidate metabolite

profiles of human P450s.
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Humans have been harnessing biology to make valuable compounds for

generations. From beer and biofuels to pharmaceuticals, biology provides an

efficient alternative to industrial processes. With the continuing advancement of

molecular tools to genetically modify organisms, biotechnology is poised to solve

urgent global problems related to environment, increasing population, and public

health. However, the light dependent reactions of photosynthesis are constrained

to produce a fixed stoichiometry of ATP and reducing equivalents that may not

match the newly introduced synthetic metabolism, leading to inefficiency or

damage. While photosynthetic organisms have evolved several ways to modify

the ATP/NADPH output from their thylakoid electron transport chain, it is unknown

if the native energy balancing mechanisms grant enough flexibility to match the

demands of the synthetic metabolism. In this review we discuss the role of

photosynthesis in the biotech industry, and the energetic considerations of using

photosynthesis to power synthetic biology.

KEYWORDS

photosynthesis, chloroplast bioenergetics, synthetic biology, chloroplast
biotechnology, bioenergetics
Introduction

Plants and algae are attractive platforms for bioengineering pathways for valuable

metabolic products because they use freely available solar energy to sustainably power

synthetic biology. To make best use of this energy, the localization of engineered synthetic

metabolism should be carefully considered relative to where the metabolic precursors are
Abbreviations: ATP, adenosine triphosphate; cyt bf, cytochrome bf complex; CO2, carbon dioxide; CBB, Calvin,

Benson,Bassham cycle; CFo, membrane fraction of ATP synthase; CF1, soluble fraction of ATP synthase; ETC,

electron transport chain; FBPase, fructose 1,6 bisphosphatase; NADPH, nicotinamide adenine dinucleotide

phosphate; O2, oxygen; O
:−
2 superoxide; PCON, photosynthetic control; PG, 2-phosphoglycolate; PGA, 3-

phosphoglycerate; PQ, plastoquinone; PQH2, plastoquinol; PR, photorespiration; PSI, photosystem I; PSII,

photosystem II; qE, exciton quenching; ROS, reactive oxygen species; rubisco, ribulose 1,5 bisphosphate

carboxylase/oxygenase; RUBP, ribulose 1,5 bisphosphate; Dp, protonmotive force; DpH, fraction of Dp stored as

pH; Dy , membrane potential since the light reactions.
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produced. In the cytosol and other non-energetic subcellular

compartments, the metabolic precursors ATP and reducing

equivalents (e.g., NADPH and ferredoxin) required for synthetic

metabolism must be supplied by other metabolism or transported

from the energetic compartments (i.e., mitochondria or chloroplast).

For synthetic metabolism with large demands of ATP and/or

reducing equivalents, localization to the chloroplast allows the

synthetic metabolism direct access to ATP and reducing equivalents

generated by the light dependent reactions in the chloroplast.

Traditional bioengineering approaches usually focus on engineering

carbon flux but seldom think about the types of energy fluxes required

to power synthetic metabolism. In point of fact, one should not

consider the light reactions as an independent supplier of ATP or

NADPH because their production is intrinsically linked. The

light dependent reactions in the thylakoid electron transport

chain are constrained to produce a fixed stoichiometry of ATP and

reducing equivalents that may not match the newly introduced

synthetic metabolism, leading to inefficiency or damage. While

photosynthetic organisms have evolved several ways to modify the

ATP/NADPH output from their thylakoid electron transport chain, it

is unknown if the native energy balancing mechanisms grant enough

flexibility to match the demands of the synthetic metabolism. In other

words, is native photosynthetic energy production able to support

maximal yields of bioproduction from engineered photosynthetic

organisms, or will photosynthesis itself need to be re-engineered?

In this review, we discuss bioengineering from an energetics

perspective and where this may present a hurdle for using

photosynthetic organisms for producing bioproducts of interest.
The chloroplast as a factory

The chloroplast sets photosynthetic eukaryotes apart from other

organisms for bioengineering. The chloroplast is the solar cell of the

plant, utilizing light energy to generate ATP and reducing power for

use in downstream metabolism. This makes these organisms

attractive as a bioengineering platform for synthetic metabolism for

valuable products because growth and yield is sustained by light; a

cheap, abundantly available natural resource. Additionally, the

chloroplast itself is the site of many metabolic precursors that can

be harnessed for synthetic metabolism (e.g., ATP, reducing

equivalents, sugar phosphates, fatty acids, isoprenoids, and amino

acids). Enzymes in a desired synthetic pathway that utilize these

precursors may be expressed in the nucleus of eukaryotes and targeted

to the chloroplast, or integrated into the chloroplast genome, with

both approaches having their place in bioengineering.

There are tradeoffs that must be considered when choosing to

express transgenes from either the nucleus or the chloroplast. Most

nuclear transformation techniques result in random transgene

integration and a variety of transgene expression levels. Chloroplast

transformation, however, allows for directed integration of transgenes

and every chloroplast transformant is genetically identical, resulting

in reproducible expression (Bock, 2001; Bock, 2015; Ahmad et al.,

2016). Nuclear transformation may lead to undesirable transgene

silencing in later generations (De Wilde et al., 2000). While there are

approaches to avoid silencing and increase transgene expression in

the nucleus, chloroplast transgenes are not subject to silencing,
Frontiers in Plant Science 02124125
resulting in continued high expression generations later. Therefore,

chloroplast transformation may be an approach to avoid the silencing

problem completely if the transgene product is ultimately desired in

the chloroplast (Bock, 2001).

There are vastly more species with transformable nuclei than

chloroplasts, but the number of valuable species amenable to

chloroplast transformation is constantly increasing, and established

protocols exist for many model organisms and economically

important crops (e.g., soybean) (Boynton et al., 1988; Svab and

Maliga, 1993; Ahmad et al., 2016; Nimmo et al., 2019; Kaushal

et al., 2020; Ruf et al., 2021). Additionally, the molecular toolbox

for control of chloroplast transgene expression is continually growing,

offering synthetic biologists a variety of options to fine-tune

expression levels and timing (Bock, 2022). These molecular

transformation tools allow us to utilize the chloroplast as a

molecular factory, using the raw materials of the chloroplast to

supply the production of valuable molecules. However, synthetic

metabolism will be in competition for energy and carbon flux

within the native chloroplast metabolism. Strategies for optimizing

efficiency and yield of our synthetic metabolism will need to account

for the demands of the chloroplast’s native metabolism, and how

those demands are currently supplied.
The native chloroplast energy demand

Natively, the largest sinks for the ATP and reducing equivalents in

the chloroplast are the Calvin-Benson-Bassham (CBB) cycle and

photorespiration (Noctor and Foyer, 1998; Walker et al., 2020). The

CBB cycle begins when ribulose 1,5 bisphosphate carboxylase/

oxygenase (rubisco) catalyzes reaction with CO2 (carboxylation

reaction) and ribulose 1,5 bisphosphate (RuBP), forming two 3-

carbon molecules of 3-phosphoglycerate (PGA). PGA is converted

to 1,3-bisphosphoglycerate and then to glyceraldehyde-3-phosphate,

a portion of which is used in the construction of glucose and other

sugars with the remainder feeding back into the regeneration of

RuBP, consuming ATP and NADPH in a stoichiometry of 3:2.

Alternatively, when rubisco catalyzes reaction with O2 (oxygenase

reaction), one molecule of PGA and one molecule of 2-

phosphoglycolate (PG) are formed (Ogren, 1984; Foyer et al., 2009).

The PG is inhibitory and must be detoxified in a series of

enzymatic reactions that occur across three organelles in a process

termed photorespiration (PR) which loses CO2 in the process.

Energetically, the whole-cell demand ratio for ATP : NADPH for

photorespiration is 1.75 (Edwards and Walker, 2003; Walker et al.,

2020). Regardless of the assumptions used for determining the whole-

cell energy demand of photorespiration, the conversion of glycerate to

PGA requires an ATP within the chloroplast. This increased

consumption in the chloroplast means that in the absence of ATP

or NADPH transport, photorespiration increases the relative ATP

demand within the chloroplast above that of the CBB cycle.

Other pathways in the chloroplast have higher relative reductant

demands than the CBB cycle and PR. Both synthesis of fatty acids and

desaturation of lipids require reducing equivalents in the form of

NADPH, making the demand for reducing equivalents from lipid

biosynthesis larger that of the CBB cycle (Ohlrogge and Browse,

1995). Additionally, the methylerythritol 4-phosphate portion of the
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isoprenoid biosynthesis pathway in the chloroplast also has a larger

demand for reducing equivalents relative to ATP (Zhao et al., 2013).

While under normal conditions these metabolic fluxes are much

smaller than that of the CBB cycle and PR, metabolic engineering with

the goal of increasing flux through these pathways would increase the

relative reductant demand within the chloroplast.
The chloroplast energy supply

Since the light reactions of photosynthesis provide all the energy

for native and synthetic metabolism in autotrophs, it is essential to
Frontiers in Plant Science 03125126
understand how light energy is converted to usable chemical energy

and what constrains production of this chemical energy. It is also

important to understand the constraints to this energy production for

optimal bioengineering of reliant synthetic metabolism.

The light reactions of photosynthesis use light excitation to drive a

series of redox reactions along an electron transport chain (ETC) to

shuttle protons and electrons across the thylakoid membrane

generating ATP and reducing power for downstream metabolism

[Figure 1, (Hill and Bendall, 1960; Arnon, 1971; Mitchell, 1975;

Blankenship, 2002; Mitchell, 2011)]. The coupling of these proton

and electron circuits determine the ATP/NADPH produced from the

system. When light hits the photosystems, the excited reaction centers
B

A

FIGURE 1

Supply and demand of NADPH and ATP within the chloroplast. The proton to electron stoichiometry of proton coupled electron transfer of the light
reactions of photosynthesis (as pictured in panel A) is fixed at 3H+/e- and, together with the c-ring structure of the ATP synthase, constrains the electron
transport chain production to ~1.3 ATP/NADPH. The light reactions supply multiple metabolic sinks within the chloroplast that do not match the ATP/
NADPH resulting in an ATP deficit or surplus. (B) indicates pathways of interest for metabolic engineering, and their difference in demand (within the
chloroplast) from the ATP/NADPH production of the electron transport chain. CBB, Calvin-Benson-Bassham cycle; PR, photorespiration; FA, Fatty acid
biosynthesis; Protein, Protein synthesis.
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lose an electron. At photosystem II (PSII), electron loss at P680

supplies the oxidative force (P680+) to release electrons from water,

reducing P680+ and releasing protons into the lumen. Electron

transfer falls downhill in energy to plastoquinone (PQ), the

reduction of which leads to the uptake of protons from the stroma.

These protons are released into the lumen when plastoquinol (PQH2)

is oxidized at the cytochrome bf (cyt bf) complex. Electron transfer

continues through plastocyanin to reduce the oxidized photosystem I

(PSI) reaction center, P700+. When light energy oxidizes P700, the

electron travels through PSI to the soluble electron carrier ferredoxin

which can provide reducing power to metabolism, redox regulation,

or be used to reduce NADP+ to NADPH. NADPH is used as a two-

electron donor to a wide variety of metabolism in the chloroplast as

discussed above.

The proton-coupled electron transfer reactions at PSII and cyt bf lead

to proton accumulation in the thylakoid lumen, generating an

electrochemical proton gradient used for ATP synthesis at the ATP

synthase. At PSII, water splitting results in the release of one proton into

the lumen per electron entering the electron transport chain. When

PQH2 is oxidized at the cyt bf complex, electrons enter a bifurcated

pathway, one of which is eventually passed to PSI, and another is passed

to another site on cyt bf to half reduce another PQ [i.e., the Q-cycle,

(Mitchell, 1975)]. Therefore, for each electron passed from cyt bf to PSI,

two protons are deposited into the lumen. Across the membrane, the

difference in charge imposed by this proton gradient comprises a

membrane potential (Dy) and the difference in pH generates a pH

gradient (DpH) (Cruz et al., 2001). Together, these comprise the

protonmotive force (Dp) for ATP synthesis via the ATP synthase

(Nicholls and Ferguson, 2002; Kramer et al., 2003). The chloroplast

ATP synthase is comprised of two complexes, the CFo in the membrane,

and the CF1 in the stroma (Hahn et al., 2018). The CFo contains a 14-

subunit c-ring and a proton half channel, releasing 14 protons per one

full turn (Seelert et al., 2003). This turn moves the g-subunit, which in

turn drives the conformational change in the CF1 domain, comprised of 3

heterodimers, and responsible for ATP synthesis. Therefore, 14 protons

are required to synthesize 3 ATP, and NADP+ reduction to NADPH

requires 2 electrons from the electron transport chain.

From the H+/e- at PSII and cyt bf, there is a total stoichiometry of the

ETC of 3H+/e-, which results in an ATP/NADPH of ~1.3, in a perfectly

coupled system. This means that, the largest sinks for ATP and NADPH

in the chloroplast (i.e., CBB cycle and photorespiration) are running at an

ATP deficit. The ATP/NADPH production stoichiometry is flexible to a

certain extent by the activation of, or leak of electrons into, alternative

electron transfer pathways [discussed in depth elsewhere, e.g., (Kramer

and Evans, 2011; Strand et al., 2016; Alric and Johnson, 2017; Walker

et al., 2020)]. Themost studied alternative pathways lead to an increase in

the relative production of ATP from the ETC. This is likely due to the

largest sinks in the chloroplast imposing an ATP deficit on the ETC

(discussed below), however, with the introduction of synthetic biology

into the chloroplast, we must consider the impact of new or altered

metabolic sinks on chloroplast energetics.
Consequences of energetic imbalance

To optimize efficiency and avoid damage, the chloroplast must

balance the supply and demand of ATP and reducing equivalents.
Frontiers in Plant Science 04126127
Energy demand from native metabolism in the chloroplast does not

match the calculated output of the light reactions, therefore it is likely

that throughout the organism’s life cycle it experiences periods of

ATP deficits or surplus. What problem do these conditions pose for

the plant?

When ATP demand relative to NADPH exceeds the supply

of the light reactions (ATP deficit, Figure 2A), sinks for reducing

power may be closed as they do not have ATP as substrate to turnover

acceptors. For example, if ATP is limiting to the CBB cycle, 1,3-

bisphosphoglycerate is not produced from 3-phosphoglycerate. Since

1,3-bisphosphoglycerate is an electron acceptor, NADP+ is not being

regenerated for reduction by PSI. This shifts the NADPH/NADP+ to a

more reduced state, lowering the redox potential of the acceptor side

of PSI. A more reduced acceptor side of PSI is dangerous because it

will increase the likelihood of electrons being passed to oxygen.

Reduction of oxygen generates superoxide (O:−
2 ), a reactive oxygen

species that can damage protein and lipid, and must be detoxified [i.e.,

through the water-water cycle, (Asada, 2000)]. This detoxification

itself diverts electrons from NADPH, and activates another electron

sink (i.e, cyclic electron flow) to increase ATP/NADPH production

(Casano et al., 2001; Strand et al., 2015).

However, if a large enough ATP sink was introduced into the

chloroplast, it is not clear if the self-balancing machinery of the

chloroplast is robust enough to meet the new demand without side

effects like decreased growth. An example of when the self-balancing

machinery fails to meet a new metabolic demand may be seen in a

mutant of the chloroplast fructose 1,6 bisphosphatase (FBPase)

(Livingston et al., 2010). This mutant seemingly survives disruption

to the main metabolic sink in the chloroplast by bypassing the FBPase

lesion though the glucose-6-phosphate shunt, which has increased

relative ATP demand (Sharkey and Weise, 2016). Despite activation

of multiple alternative electron transfer pathways to increase ATP

supply from the ETC (Livingston et al., 2010; Strand et al., 2015),

these plants grow slower and smaller.

This may, in part, be due to the secondary impact cyclic electron

flow around PSI (CEF), an alternative electron transport pathway that

is increased in the FBPase knockout which may decrease the efficiency

of photosynthesis. CEF increases proton translocation into the lumen

relative to electron transfer from PSII. Additional proton

translocation can increase the Dp in the lumen, activating pH

dependent feedback regulation i.e., downregulation of light

harvesting (exciton quenching, qE) and electron transfer at cyt bf

(photosynthetic control, PCON). In other words, the responses used

to mitigate the ATP deficit may lead to total decrease in output of the

light reactions. In an industrial process, this would be an undesired

side effect limiting the yield of the engineered pathways.

While the chloroplast has many identified routes of alternative

electron transfer to deal with an ATP deficit, much less in known

about how an ATP surplus (or, alternatively, a reducing equivalent

deficit). For those routes that are proposed, there is little evidence that

they contribute substantially to chloroplast energy balancing in the

light (Flügge et al., 2011; Strand et al., 2017). The prevalence of

pathways to mitigate an ATP deficit rather than mitigate an ATP

surplus may be due to selective pressure stemming from native

metabolism being poised towards an ATP deficit as discussed above

(Walker et al., 2020). However, many proposed synthetic biology

pathways result in an ATP surplus such as increased lipid production
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in microalgae and photorespiratory bypasses in plants (Miller

et al., 2020).

Under an ATP surplus condition the threat of damage to the

chloroplast is not a primary concern, instead the efficiency of the light

reactions will decrease. This inefficiency would occur through a shift in

the [ATP]/[ADP] [Pi] pool which may lead to an increase in Dp required
to drive ATP synthesis. All else being equal, increased Dp leads to an

activation of qE and PCON (Figure 2B), decreasing light harvesting and

electron transfer rates. In the case of a synthetic pathway with an
Frontiers in Plant Science 05127128
increased electron demand, activation of these photoprotective

processes would lead to decreased yield of the synthetic pathway. This

response to increased electron demand may be a limiting factor for any

synthetic pathway with high reductant demand, such as increased

lipid production.

The conditions described above are an important consideration for

bioengineering pathways relying on output from the light reactions of

photosynthesis. This is because final product yield may ultimately be

limited by the light reactions if new metabolism exceeds the innate
B

A

FIGURE 2

Possible consequences of energetic mismatch between the electron transport chain (ETC) and downstream metabolism. (A) An ATP deficit may result in
the closure of the acceptor side of PSI and the generation of harmful reactive oxygen species (ROS); (B) An ATP surplus may lead to substrate limitation
of ATP synthase and the downregulation of light harvesting and electron transfer resulting in lower photosynthetic efficiency.
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energetic flexibility of the chloroplast, even if the engineered metabolism

yields the expected product to some degree. To increase product yield, it

may be enticing to modify the regulatory processes that are activated in

response to energetic imbalance. However, feedback regulation that limits

light utilization and electron transfer (i.e., qE and PCON) are important

to protect the photosystems from photodamage and in the case of PCON,

it is essential for plant survival under fluctuating conditions (Müller et al.,

2001; Suorsa et al., 2012). This is an important point: energetic limitations

can’t simply be rectified by eliminating feedback regulation, and instead

may require additional engineering to optimize our desired yield.
Case studies in chloroplast energetics

Since the invention of plant transformation, there have been

many successful applications of bioengineering metabolism to

produce valuable metabolites, either by the introduction of

synthetic metabolism or altering the flux through metabolic

pathways to favor a specific molecule [reviewed in detail in (O’Neill

and Kelly, 2017)]. While there have been many successes without

energetic considerations, it may be worthwhile to consider the ATP

and NADPH requirements when yield from synthetic pathways is

lower than expected. Here we offer examples of synthetic metabolism

that, if successfully implemented into a photosynthetic organism

would drastically alter the energetic demands in the chloroplast and

may need additional engineering to ensure maximal yield of the

desired product.

Due to the loss of CO2 during the detoxification and recycling of PG,

photorespiration is thought to be a large inefficiency in C3 plants and is

an active area of research for improvement of crop productivity (Fu et al.,

2022b). There have been several approaches to decrease the rate of

photorespiration, e.g., by introducing a bypass modifying the

compartment of CO2 release (Peterhansel et al., 2010; South et al.,

2019), or compartmentalization of rubisco (Lin et al., 2014). However,

an alternative approach to decreasing biomass loss due to

photorespiration is the complete bypass of rubisco to fix carbon. One

approach that has been shown to operate in vitro is the so called ‘Cetch’

cycle (Schwander et al., 2016; Miller et al., 2020), a completely synthetic

pathway for CO2 fixation achieved by combining enzymes frommultiple

organisms across the tree of life. This approach is interesting due the

pathway’s increased relative demand in reducing equivalents. The

challenges of introducing this cycle into a plant are extensive (e.g.,

expression, availability of cofactors), but the prospect does introduce

an intriguing case study of the need for multiple engineering targets to

optimize yield. Since the demand of this cycle for reductant is extremely

altered (0.66 ATP/NADPH) from that of native CO2 fixation (1.5 ATP/

NADPH), organisms utilizing the ‘Cetch’ cycle would certainly require

secondary bioengineering to overcome the substantial change in

chloroplast energetics for growth to be sustainable.

Another engineering target is in the use of photosynthetic organisms

to produce biofuel feedstocks (Blatti et al., 2013). One attractive approach

to sustainable biofuel production is the use of lipid rich algae. There has

been substantial research effort into both identifying algal species that are

suitable for robust lipid production and developing molecular toolkits to

allow for their genetic modification (Alishah Aratboni et al., 2019). While

there have been some successes in increasing lipid production or shifting

lipid production to more valuable lipid species, more effort is needed to
Frontiers in Plant Science 06128129
make algae an economically viable biofuel feedstock (Blatti et al., 2013;

Alishah Aratboni et al., 2019; Gilmour, 2019; Verma and Kuila, 2020).

From an energetic (i.e., ATP : NADPH budget) perspective, increasing

relative lipid production has different considerations than increasing

overall biomass. The latter may be approached by looking at metabolic

bottlenecks, but substantial flux through the fatty acid biosynthetic

pathway, with its relatively high NADPH demand, may introduce a

bottleneck to the light reactions (Figure 2B).

Due to the targeted nature of synthetic biology, the energetic

demands of the synthetic pathway can be determined from its ATP

and reductant demands. This presents an opportunity to incorporate

the new metabolism into existing models [e.g., (Noctor and Foyer,

1998)] and estimate the impact the synthetic pathways may have on

cellular energetics. Several flux models exist quantifying metabolic

flux under various environmental conditions (Ma et al., 2014;

Wieloch and Sharkey, 2022; Fu et al., 2022a) and may help to

gauge the impact introduction of new metabolic sinks may have on

energetics relative to native metabolism. This could also serve as a

starting point for the design of accessory metabolism to offset any

energetic imbalances imposed by the introduced metabolism.
Translation to crops

Broadly, increasing photosynthetic output by targeting inefficiencies

has been shown to increase overall plant biomass [e.g.(Driever et al.,

2017; South et al., 2019; Chen et al., 2020; Wang et al., 2020)]. In biofuel

crops where general biomass is utilized for fermentation, this will likely

result in the increased yield of desired product, but most bioengineering

approaches are concerned with increasing a specific plant product (e.g.,

grain, lipids). Due to the complex regulation of carbon partitioning in

crops (Yu et al., 2015; Paul, 2021), it is unclear if targeting photosynthetic

inefficiencies or energetics will translate to increased grain or

fruit production.

Despite these potential issues, engineering approaches that

increase CO2 assimilation have yielded higher overall biomass,

including an increase in grain (Driever et al., 2017). Since many

breeding successes have been measured by increasing yield while

decreasing overall plant size [i.e., increased harvest index (HAY,

1995)], increasing grain yield by increasing overall crop biomass

may increase the land use need, offsetting our perceived increases.
Improving photosynthesis for growth
and resilience

Despite the uncertainty of downstream partitioning of biomass,

photosynthesis researchers have a goal focused on improving the

efficiency of photosynthesis (Long et al., 2006; Ort et al., 2015). With

increased understanding of the regulation of these processes, we may

increase the amount of light energy harnessed into driving CO2

assimilation. Regardless of the downstream success in biomass

partitioning, these increases will be an important building block in

our steps to improve crops. There have been several approaches taken

to improving the electron transport chain, many of which have

resulted in small increases photosynthetic efficiency and/or in

downstream carbon assimilation or overall plant biomass.
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One large target of improvement is the group of processes activated

by the accumulation of the DpH component of Dp (i.e., qE and PCON).

Even though qE and PCON are important to protect the thylakoid

electron transport chain from damage, they are often cited as points for

crop improvement to minimize energy loss and increase electron transfer

rates (Murchie and Niyogi, 2011). In the case of an ATP surplus

introduced by synthetic biology, these processes may also be a target to

increase electron transfer to synthetic electron sinks. This should be

undertaken with caution, as it may seem attractive to alter the sensitivity

of these photoprotective processes to increase electron transfer, but this

approach will also open our organisms to increased risk of photodamage.

Under controlled environmental conditions, this may not be problematic,

however, if engineered plants are grown in greenhouse or field

conditions, they will experience rapidly changing light conditions.

Without feedback regulation excess excitation energy can lead to the

damage of PSII which must be repaired, leading to the long-term

downregulation of light harvesting (Müller et al., 2001). Additionally,

under high or rapidly fluctuating light, unregulated transfer of electrons

through cyt bf can lead to damage of PSI, a potentially lethal situation for

the plant (Suorsa et al., 2012).

Despite these concerns, there has been limited success with

approaches to increase the flexibility of feedback regulation.

Overexpression of cyt bf components (the rate limiting step of the

electron transport chain) in a C4 plant has led to small increases in

electron transfer and CO2 assimilation (Ermakova et al., 2019). This

suggests there is some limitation due to protein content of the cyt bf

complex, and that subtle increases of electron transfer through bfmay be

a route to improving photosynthetic efficiency. This is especially of

interest because overexpression of cyt bf would not impact dynamic

PCON, maintaining PSI photoprotection. Increased expression of a K+/

H+ antiporter involved in exchanging DpH for Dy during fluctuating

light changes increased photosynthetic efficiency due to the increased

capacity to relax qE (Armbruster et al., 2016). Overexpression of qE
components, which has been shown to alter the sensitivity of qE to the

DpH component of Dp (Li et al., 2002), has led to biomass increases in

tobacco and soybean (Kromdijk et al., 2016; De Souza et al., 2022).

However, in Arabidopsis the results were opposite (Garcia-Molina and

Leister, 2020). Interpretation of these conflicting results is complicated, as

the xanthophyll cycle component of NPQ is intrinsically linked to

abscisic acid biosynthesis, the plant hormone involved in plant water

relations (Niyogi et al., 1998).

While the light reactions supply ATP and NADPH for downstream

carbon assimilation, except for low light, they do not appear to be the

major limitation on bulk photosynthetic yield. There have also been

improvements in assimilation and growth increases when the carbon

reactions of photosynthesis are targeted, without modification of the light

reactions. For example, overexpression of sebdoheptulose 1,7

bisphosphatase, the rate limiting step in the CBB cycle leads to larger

plants (Miyagawa et al., 2001; Driever et al., 2017), suggesting the bulk

supply of the light reactions are able to meet increased demand from the

carbon side. However, if we think about the system dynamically, there are

parts of the day that plants are light limited, such as earlymorning. Under

very low light, qE and PCON are not active, and suppression of them

wouldn’t likely offer substantial benefit. However, these processes are

activated at intermediate light, where there is room to modify feedback

regulation to improve photosynthesis (Murchie and Niyogi, 2011).

Rather than modify the response of qE and PCON directly, one
Frontiers in Plant Science 07129130
approach that has potential is the modification of the metabolic sensor

of the ETC, the ATP synthase.

The ATP synthase is the central regulator of photosynthesis. It

senses downstream metabolic states and controls Dp accumulation.

For example, when the CBB cycle is substrate limited, the rate

constant of proton efflux decreases, leading to the activation of qE
and PCON, even at low light (Kanazawa and Kramer, 2002). The ATP

synthase is post-translationally regulated, the most understood of

which is the light to dark inactivation of the redox regulated g-

subunit (Kramer et al., 1990; Evron et al., 2000; Wu et al., 2007).

However, the ATP synthase has also been proposed to be regulated by

phosphorylation and protein-protein interactions, but these are not

clearly understood (Evron et al., 2000; Bunney et al., 2001; Reiland

et al., 2009). Additionally, it has been demonstrated that up to 50% of

the ATP synthase content in tobacco leaves is inactive, and the

molecular mechanism of this inactivation is completely unknown

(Rott et al., 2011). Clearly, more basic research into the regulation of

ATP synthase could lead to strategies to delay the onset of feedback

regulation leading to qE and PCON, and increase the integrated

efficiency of the light reactions during the course of the day.

While the energetics of target pathways are not the only

engineering consideration, we hope we have emphasized the

importance of chloroplast energetics in synthetic biology. While

some bioengineering strategies are promising, relatively extreme

differences from native chloroplast metabolic demands may require

secondary engineering to maximize the yield of the desired product.

Finally, bioengineering of plants to fine tune energetic responses may

lead to improved growth and resilience to stress conditions. Fine

tuning should be considered as a strategy for plant improvement in

addition to methods that may increase yield more dramatically.
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Changing biosynthesis of
terpenoid percursors in rice
through synthetic biology

Orio Basallo1,2, Lucia Perez3,4, Abel Lucido1,2, Albert Sorribas1,2,
Alberto Marin-Saguino1,2, Ester Vilaprinyo1,2, Laura Perez-Fons5,
Alfonso Albacete6,7, Cristina Martı́nez-Andújar6, Paul D. Fraser5,
Paul Christou3,4,8, Teresa Capell3,4 and Rui Alves1,2*

1Systems Biology Group, Department Ciències Mèdiques Bàsiques, Faculty of Medicine, Universitat de
Lleida, Lleida, Spain, 2Institut de Recerca Biomedica de Lleida (IRBLleida), Lleida, Spain, 3Applied Plant
Biotechnology Group, Department de Producció Vegetal I Ciència Florestal, Escola Tècnica Superior
d'Enginyeria Agroalimentària i Forestal i de Veterinària (ETSEAFiV), Universitat de Lleida, Lleida, Spain,
4Agrotecnio Centres de Recerca de Catalunya (CERCA) Center, Lleida, Spain, 5School of Biological
Sciences, Royal Holloway University of London, Egham Hill, United Kingdom, 6Departament of Plant
Nutrition, Center of Edaphology and Applied Biology of the Segura (CEBAS), Consejo Superior de
Investigaciones Cientı́ficas (CSIC), Universidad de Murcia, Murcia, Spain, 7Department of Plant
Production and Agrotechnology, Institute for Agri-Food Research and Development of Murcia,
Murcia, Spain, 8ICREA, Catalan Institute for Research and Advanced Studies, Barcelona, Spain
Many highly valued chemicals in the pharmaceutical, biotechnological, cosmetic,

and biomedical industries belong to the terpenoid family. Biosynthesis of these

chemicals relies on polymerization of Isopentenyl di-phosphate (IPP) and/or

dimethylallyl diphosphate (DMAPP) monomers, which plants synthesize using

two alternative pathways: a cytosolic mevalonic acid (MVA) pathway and a

plastidic methyleritritol-4-phosphate (MEP) pathway. As such, developing

plants for use as a platform to use IPP/DMAPP and produce high value

terpenoids is an important biotechnological goal. Still, IPP/DMAPP are the

precursors to many plant developmental hormones. This creates severe

challenges in redirecting IPP/DMAPP towards production of non-cognate

plant metabolites. A potential solution to this problem is increasing the IPP/

DMAPP production flux in planta. Here, we aimed at discovering, understanding,

and predicting the effects of increasing IPP/DMAPP production in plants through

modelling. We used synthetic biology to create rice lines containing an additional

ectopic MVA biosynthetic pathway for producing IPP/DMAPP. The rice lines

express three alternative versions of the additional MVA pathway in the plastid, in

addition to the normal endogenous pathways. We collected data for changes in

macroscopic and molecular phenotypes, gene expression, isoprenoid content,

and hormone abundance in those lines. To integrate the molecular and

macroscopic data and develop a more in depth understanding of the effects of

engineering the exogenous pathway in the mutant rice lines, we developed and

analyzed data-centric, line-specific, multilevel mathematical models. These

models connect the effects of variations in hormones and gene expression to

changes in macroscopic plant phenotype and metabolite concentrations within

the MVA and MEP pathways of WT and mutant rice lines. Our models allow us to

predict how an exogenous IPP/DMAPP biosynthetic pathway affects the flux of

terpenoid precursors. We also quantify the long-term effect of plant hormones

on the dynamic behavior of IPP/DMAPP biosynthetic pathways in seeds, and
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predict plant characteristics, such as plant height, leaf size, and chlorophyll

content from molecular data. In addition, our models are a tool that can be

used in the future to help in prioritizing re-engineering strategies for the

exogenous pathway in order to achieve specific metabolic goals.
KEYWORDS

metabolic engineering, mathematical modelling, multi level modelling, MVA (mevalonic
acid) pathway, MEP pathway, terpenoid synthetic biology
1 Introduction

Terpenoids are a family of molecules with more than 22,000

different natural products (Harborne et al., 1991; Tetali, 2019; Zhou

and Pichersky, 2020; Navale et al., 2021). Some family members

have various crucial biological functions. For example, in plants,

they work as hormones (gibberellin, abscisic acid, etc.),

photosynthetic pigments (chlorophyll, phytol, carotenoids),

electron carriers (ubiquinone, plastoquinone), mediators of the

assembly of polysaccharides (polyprenyl phosphates) and

structural components of membranes (phytosterols). They are

also used for other purposes, such as antibiotics, herbivore

repellents, toxins and pollinator attractants (Mcgarvey and

Croteau, 1995).

Plants synthesize terpenoids from two metabolic precursors:

Isopentenyl di-phosphate (IPP) and dimethylallyl diphosphate

(DMAPP). Two compartmentally separated pathways synthesize

these precursors (Figure 1). The mevalonic acid (MVA) pathway
02133134
converts acetyl-CoA (Ac-CoA) to IPP and DMAPP. This pathway

is mostly cytosolic, with a couple of reactions taking place in the

peroxisome. The MVA pathway starts with the condensation of

acetyl-CoA, a product of glycolysis, catalyzed by acetoacetyl-CoA

thiolase and HMG-CoA synthase, followed by the conversion of

HMG-CoA to mevalonate through HMG-CoA reductase.

Mevalonate is subsequently phosphorylated and decarboxylated to

yield IPP, which can be isomerized to DMAPP by the action of

isopentenyl diphosphate isomerase (IDI). IPP and DMAPP are then

used in the synthesis of phytosterols and ubiquinone (Mcgarvey and

Croteau, 1995). The enzyme 3-hydroxy-3-methylglutaril-CoA

reductase (HMGR) is a key enzyme in the regulation of the MVA

pathway (Schaller et al., 1995). The second terpenoid-producing

pathway is known as the methyleritritol-4-phosphate (MEP)

pathway. This pathway is compartmentalized in plastids. In this

pathway, glyceraldehyde 3-phosphate (G3P) and pyruvate derived

from the Calvin cycle serve as the primary carbon sources for IPP

and DMAPP production. The MEP pathway involves a series of
frontiersin.org
FIGURE 1

Representation of the two terpenoid biosynthesis pathways plus the ectopic pathway, the MVA pathway (left, cytosol and peroxisome) and the MEP
pathway (right, plastid). DXR: DXP reductoisomerase; MCT: 2-C-methyl-D-erythrtle 4-phosphate cytidylyl transferase; CDP-ME: 4-(Citidine 5’-
difosfo)-2-C-methyl-D-eritritol; CMK: 4-difosfocitidil-2-C-methyl-D-erythrtol kinase; CDP-MEP: 2-Fosfo-4-(cytidine 5’- diphospho)-2-C-methyl-
D-eritritol; MDS: 2-C-methyl-D-eritritol 2,4-cyclodifosphate synthase; MEcPP: 2-C-methyl-D-eritritol 2,4-cycdiphosphate; HDS: 4-hydroxy-3-
methylbut-2-en-1-il diphosphate synthase; HMBPP: 4-hydroxy-3-methylbut-2-in-1-il diphosphate; HDR: 4-hydroxy-3-methylbut-2-en-1-il
diphosphate reductase; IDI: isopentenyl diphosphate Delta-isomerase; PhyPP: phytyl diphosphate.
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enzymatic steps catalyzed by various enzymes, including 1-deoxy-

D-xylulose 5-phosphate synthase (DXS), 1-deoxy-D-xylulose 5-

phosphate reductoisomerase (DXR), and other downstream

enzymes. It is responsible for the production of carotenoids,

lateral chains of chlorophylls, plastoquinone, abscisic acid (ABA)

and tocopherols (vitamin E, precursors and derivatives) (Eisenreich

et al., 2001). Appendix S1 presents a more detailed description of

both pathways.

While both pathways function independently, there is ample

evidence of crosstalk between them (Hemmerlin et al., 2003;

Hemmerlin, 2013). There is evidence for the exchange of some

metabolic intermediates of the two pathways between

compartments (Bick and Lange, 2003; Hemmerlin et al., 2003;

Laule et al., 2003; Hemmerlin et al., 2006). The first intermediate

of the MEP pathway, DXP, can diffuse between the plastid and the

cytoplasm (Hemmerlin et al., 2003; Page et al., 2004; Lange et al.,

2015). At the level of IPP and DMAPP, this exchange was measured

to occur mainly in the plastid-to-cytoplasm direction, promoted by

a one-way symport system (Bick and Lange, 2003; Dudareva et al.,

2005). The direction of this metabolic exchange between cellular

compartments may depend on physiological state and species.

There is lack of convincing evidence that other intermediates of

both pathways can diffuse between the two compartments

(Hemmerlin, 2013). Hemmerlin et al. (2012) made an extensive

review of the literature covering the metabolic pathways themselves

(networks, regulation, biological advantage of having two separated

pathways, etc.), crosstalk between pathways and the potential of

terpenoid biosynthesis in bioengineered plants in biotechnology.

In recent years, synthetic biology has emerged as a powerful tool

for engineering production of isoprenoids, mostly into

Saccharomyces cerevisiae and other microbial hosts (Ro et al.,

2006; Ajikumar et al., 2010; Jiang et al., 2017; Kang et al., 2017;

Cravens et al., 2019; Luo et al., 2019; Gülck et al., 2020; Srinivasan

and Smolke, 2020; Liew et al., 2022; Zhang et al., 2022). While

microbial production is very attractive due to the speed and easiness

of genetically manipulating microorganisms, plant production

should remain center stage if we are to progress to a circular bio-

economy (Shih, 2018). Some of the earliest examples include the

modifications made to maize (Naqvi et al., 2009) and rice (Ye et al.,

2000), in order to increase their vitamin content. In general,

modulating metabolite levels in plants is attempted through

varying combinations of the following strategies: increasing

enzymatic activity, increasing availability of upstream precursors,

blocking leakage of the compound by gene silencing, or inducing

metabolite storage in a compartment (Zorrilla-López et al., 2013;

Kotopka et al., 2018; Maeda, 2019; Zhu et al., 2021; Yang et al.,

2022). Examples of plant modification to enhance production of

many complex isoprenoids became increasingly common (reviewed

in Liao et al. (2016)). For example, Kumar et al. modified the

chloroplast genome of tobacco leaves in a non-transmissible way to

code an exogenous MVA pathway (Kumar et al., 2012). A more

recent example is the enhancement in production of sesquiterpene

precursor FPP of the MEP pathway in tomato fruit (Chen et al.,

2023). As such, plants are a coveted target for engineering pathways

that produce high value terpenoid chemicals (Fuentes et al., 2016;

Georgiev et al., 2018; Gülck et al., 2020; Grzech et al., 2023).
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Pérez et al. (2022) used synthetic biology to create rice plants that

have a stable and transmissible ectopic plastidial MVA pathway that

coexists with the native MVA and MEP pathways and is expressed

in endosperm. The goal of that study was to circumvent the

regulation of the native MVA pathway and test the possibility of

producing an excess of terpenoids precursors that could feed the

biosynthesis of highly valuable terpenoids. They introduced three

different combinations of exogenous WR1, HMGS, HMGR, MVK,

PMK and MVD (Figure 1) genes encoding plastid-targeted

enzymes, collecting transcriptomic, metabolic, and phenotypic

data for the resulting mutant lines. The WR1 gene is a

transcription factor that induces the expression of genes related to

plastid glycolysis and fatty acid biosynthesis. HMGS codes for

hydroxymethylglutaryl-CoA synthase, HMGR codes for a 3-

hydroxy-3-methylglutaryl-coenzyme A reductase, MVK codes for

a mevalonate kinase, PMK codes for a phosphomevalonate kinase,

and MVD codes for a diphosphomevalonate decarboxylase.

Here, we further study the effect that adding this pathway has

on rice by creating and characterizing new rice lines with alternative

versions of the exogenous MVA pathway. Subsequently, we use

multilevel mathematical modeling to integrate the data of all

mutant lines, and predict the effect of genome modification on

the concentrations of metabolic intermediates and on the fluxes

going through the MEP, MVA, and ectopic plastidial MVA

pathways. We also quantify the long-term effect of plant

hormones on the dynamic behavior of IPP/DMAPP biosynthetic

pathways in seeds, and predict plant characteristics, such as plant

height, leaf size, and chlorophyll content from molecular data. In

addition, our models are a tool that can be used in the future to help

in prioritizing re-engineering strategies for the exogenous pathway

in order to achieve specific metabolic goals.
2 Materials and methods

2.1 WT and mutant rice lines

We created three types of mutant rice lines using the procedures

described in Pérez et al. (2022). Mutant Type I had exogenous

HMGR; Mutant Type II had exogenous HMGS, HMGR and MVK;

and Mutant Type III had exogenous HMGS, HMGR, MVK, PMK

and MVD. We placed these six transgenes (BjHMGS, tHMGR,

CrMK, CrPMK, and CrMVD) in three independent expression

cassettes driven by endosperm-specific promoters. A transit

peptide inserted at the beginning of the five enzymes in the MVA

pathway directs them to the plastid. See Pérez et al. (2022) and

Supplementary Appendix S1 for the full details.

To create the mutant lines, we bombarded seven-day-old

mature zygotic rice embryos (Oryza sativa cv. EYI105) with gold

particles coated with the transformation vectors. We recovered

transgenic plantlets and regenerated and hardened them off in

soil. Genomic DNA was isolated from the callus and leaves of

regenerated plants to confirm presence of the BjHMGS, tHMGR,

CrMK, CrPMK, CrMVD and OsWR1 through PCR (Pérez et al.,

2022). We recovered 12 independent type I mutant lines, 10

independent type II mutant lines, and 12 independent mutant lines.
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2.2 Hormone determination, gene
expression, and plant phenotypes

We analyzed all rice lines after 12 weeks of growing in soil.

For each line we measured chlorophyll levels and analyzed the

cytokinins trans-zeatin, zeatin riboside and isopentenyl adenine

(iP); the gibberellins GA1, GA3 and GA4; the auxin indole-3-acetic

acid (IAA); ABA; salicylic acid; jasmonic acid; and the ethylene

precursor 1-aminocyclopropane-1-carboxylic acid (ACC) as

described in Pérez et al. (2022) and Supplementary Appendix S1.

We also measured gene expression for BjHMGS, tHMGR,

CrMK, CrPMK, CrMVD, and the endogenous MVA and MEP

pathway genes OsHMGS, OsHMGR, OsMK, OsPMK, OsMVD,

OsDXS, OsDXR, OsMCT, OsCMK, OsMDS, OsHDS, OsHDR and

OsIPPI using qRT-PCR as described in Appendix S1.

We counted the number of leaves, measured the height of the

plants from the base of the stem to the maximum extension of the

flag leaf, and measured the length and maximum width of the last

expanded leaf as described in Pérez et al. (2022). We used a SPAD

meter at six points on the last expanded leaf to quantify leaf

chlorophyll. We multiplied length and maximum width of the

last expanded leaf by a correction factor of 0.75 to estimate leaf area.

All experimental measurements are provided in Supplementary

Data S1 and described in the results section of Appendix S1.
2.3 Mathematical modeling formalism

We used ordinary differential equation systems to model the

biosynthesis of IPP/DMAPP. The mathematical formalism used to

describe the flux dynamics is the saturating formalism (Sorribas et al.,

2007; Alves et al., 2008). This formalism allows us to approximate the

kinetics of any given reaction using a rational expression, where

parameters have physical interpretations that are analogous to those

found in classical enzyme kinetics rate expressions. In this formalism,

we approximate the rate of a reaction in an inverse space at an

operating point by:

v ≈
V
Qm

i=1 xiQm
i=1 (Ki + xi) +

Qp
b=1 (xb + Kb)

(1)

V parameters represent apparent saturation rate constants for the

reactions. Ki parameters represent apparent binding constants for the

substrate(s) or inhibitor(s) of the reaction. While no activators were

considered in ourmodel, these can also be included using this formalism.
2.4 The endogenous MVA and MEP
pathways

We modelled the wild type IPP and DMAPP production (i.e.,

the endogenous MVA and MEP pathways), using the canonical

reaction set for each pathway, shown in Figure 1. We modelled the

kinetics of each process, as well as those for the exchange fluxes of

IPP and DMAPP between cytoplasm and plastid, using the rate

expressions in Supplementary Tables S1–S3. We assume that the
Frontiers in Plant Science 04135136
organism is able to maintain homeostasis of Acetyl-CoA and

Acetoacetyl-CoA.
2.5 The ectopic MVA pathway in plastid

To model type I mutants, we added the reaction that transforms

HMG-CoApl into MVApl to the plastid, as well as the cytoplasm-

plastid exchange reactions for these two metabolites

(Supplementary Tables S3–S4).

We extended the model for type I mutants to create the model

for type II mutants. We included the reactions catalyzed by HMGS

and MVK to the plastid compartment (Supplementary Table S4).

Corresponding compartment exchange reactions for the substrates

and products of these enzymes are also added (Supplementary

Table S3).

We extended the model for type II mutants to create the model

for type III mutants. We added the metabolite MVPP to the plastid

by including the reaction that synthesize it. We also added the

reaction that transforms MVPPpl into IPPpl, (Supplementary Table

S4). The plastid-cytoplasm exchange flux of MVPPpl is included as

well (Supplementary Table S3).
2.6 Exchange of MVA and MEP pathway
metabolites between the cytoplasm and
the plastid

Under physiological conditions, IPP and DMAPP mostly flow

from the plastid into the cytosol (Bick and Lange, 2003). We

implemented this observation by assuming that metabolites flow

from the plastid to the cytosol at ten times the rate of the import

reaction from the cytosol. Bick and Lange (Bick and Lange, 2003)

also reported that other pathway intermediates were not actively

transported between the two compartments. Other studies confirm

this observation (for example, Wright et al. (2014)). However, those

same studies show that in mutants overexpressing DXS, there is a

second pool of MEcPP outside the chloroplast. In addition early

intermediates of the MVA pathway can be found in the plastid

space (Schneider et al., 1977).

Introducing an MVA pathway into the plastid as we did, may

cause changes in the flux of MVA intermediates between the plastid

and the cytoplasm. As such, we allowed for the possibility that

HMG-CoA, MVA, MVP and MVPP enter and leave the plastid,

albeit at very slow rates. Supplementary Table S3 summarizes all

reactions of material interchanged between plastid and cytosol.
2.7 Assembling the ordinary differential
equation models for each type of rice

Each metabolite has its own differential equation in the model.

The kinetic rate function, fj, for each process that produces a

metabolite M appears as a positive term in the differential

equation that determines the dynamic behavior of that

metabolite. Similarly, the kinetic rate function, fk, for each process
frontiersin.org
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that consumes a metabolite appears as a negative term in the

differential equation that determines the dynamic behavior of that

metabolite:

dMi

dt
=o

j
fj −o

k

fk (2)

For the wild type and for each mutant type we assemble a type-

specific system of ordinary differential equations (ODEs) that

describes the dynamic behavior of all metabolites in the system.

As such, we have four different ODE model types. These four

models describe the dynamic behavior of all metabolites in the

system in a type-specific manner.
2.8 Estimating rate constants, metabolite
concentrations and variations in enzyme
activity for each line

Supplementary Tables S5 presents the basal kinetic constants

for each reaction in the four model types. Supplementary Table S6

presents the concentrations for the independent variables of the

four model types.

To personalize the models and make them line specific we need

to weigh the rate constants of the relevant type-specific model by

the variations in enzyme activity of the individual line of interest. To

do so we searched the literature for information about the

correlation between changes in gene expression and enzyme

activities in the MEP and MVA pathways. As we found no such

information, we modeled variations in the enzyme activities of the

mutant lines as described in Comas et al. (2016): changes in gene

expression with respect to the WT are assumed to be proportional

to changes in protein activity. This is the simplest possible

assumption about the relationship between changes in gene

expression and changes in enzyme activity.

We implement this assumption in the models by explicitly

considering the enzymes that catalyze each reaction in the rate

expressions. As Vmax ≈ kcatEnzyme, the model for the WT sets the

enzyme activity to be 1 (the basal state). As we model mutant lines,

we assume that changes in gene expression are proportional to

changes in enzyme activity. Thus,

Enzymeline   i = Enzymewild   type � (Gene   expressionline   i=Gene   expressionwild   type)

(3)

In the end we obtained one line-specific model for the wild type

rice, 12 line specific models for type I mutant lines, 10 line specific

models for type II mutants, and 12 line specific models for type

III mutants.
2.9 Stability analysis

While many biological phenomena are rhythmic, overall,

biological systems survive because they can achieve homeostasis

(Wang et al., 2022). In other words, metabolism remains buffered
Frontiers in Plant Science 05136137
and stable against normal environmental fluctuations. This occurs

for the MEP pathway (Wright et al., 2014). Mathematically this

situation is described by a stable steady state. It is well known that,

when modeling homeostatic situations, lack of stability is a good

diagnostic tool for model incompleteness (Savageau, 1975; Grimbs

et al., 2007; Schmidt et al., 2011; Voit, 2013). For example, Ni and

Savageau (1996a; 1996b) used this type of diagnostic tool to predict

regulatory interactions that could stabilize a model of the red blood

cell metabolism. Because of this, we perform stability analysis of the

line-specific rice models in order to identify possible model

improvements that can stabilize unstable steady states.

An efficient way to assess stability is by calculating the

eigenvalues of the Jacobian matrix of the ODE system, which are

complex numbers (Voit, 2013). If the real parts of all eigenvalues are

negative, the system is stable. Otherwise, the system is unstable. The

Jacobian matrix is constructed by taking the partially derivatives of

the right-hand side of the ODEs (fi) with respect to each state

variable (xj), as shown in Eq. 4.

J = Dxf = fx =
∂ fi
∂ xj

=

∂ f1
∂ x1

∂ f1
∂ x2

∂ f2
∂ x1

∂ f2
∂ x2

… ∂ f1
∂ xn

… ∂ f2
∂ xn

⋮ ⋮
∂ fn
∂ x1

∂ fn
∂ x2

⋱ ⋮

… ∂ fn
∂ xn

0
BBBBBB@

1
CCCCCCA

(4)
2.10 Sensitivity analysis

In addition to steady state stability, another tool for model

diagnostic is steady state robustness. Reasonable models generate

steady states that are robust, and have low sensitivity to parameter

changes (Savageau, 1975; Voit, 2013). Sensitivity measures how

much a dependent variable or output changes when a parameter is

altered (Comas et al., 2016). Parameters with high sensitivities tend

to identify where information may be incomplete or inaccurate.

As such, we performed a sensitivity analysis to identify which

steps of the pathway could have additional regulation that we were

ignoring. We calculated logarithmic, or relative, steady-state

parameter sensitivities, which measure the “relative change in a

system variable (X) that is caused by a relative change in a

parameter (p)” (Voit, 1991):

�S(X, p) =
∂X=X
∂ p=p

=
∂ logX
∂ log p

(5)

This sensitivity analysis generates a matrix of sensitivities for

each line. Each element of the matrix (of dimensions m� n)

represents the sensitivity Si,j of metabolite Mi to parameter pj. To

facilitate visualization of sensitivity analysis results and comparison

between lines, we compressed the sensitivity analysis matrices for

each line in two ways.

First, to see how much a line is sensitive to a certain parameter

over all metabolites (variables of the system) we calculate the

following index (Comas et al., 2016):
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S 0
j =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

i=1S
2
i,j

q
ffiffiffi
n

p (6)

In other words, we calculate the size (or Euclidean norm) of the

vector whose components are the sensitivity of each metabolite to

parameter pj, normalized by the number of metabolites in each

mutant line (for example, models for Type I lines have 16

metabolites, while those for Type III have 18). We use the

Euclidean norm of the sensitivity vectors as a way to represent

aggregate sensitivities with a single metric to facilitate visual

representation and analysis. Further, and because the number of

metabolites increases from type I to type II and from type II to type

III models, we make S 0
j comparable between models by

normalizing it by the number of metabolites considered in the

model. Second, to see how sensitive a metabolite is to all parameters

in a line we calculate the following index:

S 0
i =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
om

j=1S
2
i,j

q
ffiffiffiffi
m

p (7)

As with Eq 6, we calculate the size (or Euclidean norm) of the

vector whose components are the sensitivity of the same metabolite

 Mi to each parameter pj, normalized by the number of parameters

in each mutant line. We use the Euclidean norm of the sensitivity

vectors as a way to represent aggregate sensitivities with a single

metric to facilitate visual representation and analysis. Further, and

because the number of parameters increases from type I to type II

and from type II to type III models, we make S 0
j comparable

between models by normalizing it by the number of parameters

considered in the model.
2.11 Investigating hormone influence

To investigate if we could use plant hormone levels as predictors

of dynamic behavior in IPP/DMAPP biosynthesis in seeds we

performed correlation analysis between hormones and

metabolites, as well as genes, as described in Section 1.9 of

Appendix S1. Significant effects were then included in the ODE

models using one of two possible formalisms:

Mi = aHgij
j , (8)

Mi = a(
Hj

K + Hj
)gij (9)

whereMiis the concentration of metabolite i in the model, Hj is

the level of hormone j at twelve weeks, and a and g are constants.

We chose between the two alternatives in the following way. First

we adjust a linear model of Log[Mi] as a function of Log[Hj�. A
combination of low adjusted R2 and high jgijj suggests a potentially
strong influence of the hormone levels on metabolite

concentrations (high d jgijj) over a small range of hormone levels

(low adjusted R2). In this situation, we assumed a saturation effect

and used Eq 9 to model hormone influence on metabolite
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production and consumption. Otherwise, we used Eq 8, as it uses

a smaller number of parameters and minimizes the possibility of

overfitting the model to the data. The threshold for selecting the one

or the other formalism was set at 0.5 for the ratio jR2
adj=gj :If jR2

adj

=gj > 0:5 we use the power law formalism. The right-hand side of

the equations modify the ODEs by multiplying the terms that

involve production/consumption of the metabolite and involving

those enzymes whose genes levels also correlate to hormone levels,

in a way that makes the observed correlations affect the production

and consumption rates of the metabolites.

For a more detailed procedure, see the Supplementary

Appendix S1.

We note that, when hormone levels were below the experimental

detection threshold, we reverted the kinetic expression presented in

Supplementary Table S7 to the original model, using a piece-wise

approximation to solve the differential equations.
2.12 Phenotype models

We used a form of forward stepwise regression (Efroymson,

1960) to investigate how the different phenotypic variables might be

predicted from hormones levels, gene expression and metabolite

concentrations. We analyzed the following plant phenotypic

characteristics: Height, number of Leaves, Leaf Length, Leaf

Width, and Chlorophyl levels. We split experimental data

according to mutant type, so that the analysis and model building

was performed three times, one for each mutant type. We

investigate phenotype as a function of the predictor variables gene

expression, hormone levels, and metabolite concentrations.

The first step of the regression analysis was building

independent linear models with one predictor variable.

The second step of the regression analysis was to select the

predictor variables that had a significant (a = 0:05) effect on the

phenotype and whose model had an adjusted R2 greater than 0.2. If

only one model has a significant effect, we would choose that one. If

more than one predictor variable has a significant effect in

explaining the predicted variable, we chose the model for the

variable with the highest adjusted R2. If the adjusted R2 is similar

between models, we chose the model with the lowest AICc (AIC

corrected for small sample sizes) score. The lower this score, the

lower the chance that a model over fits the observations. If the AICc

is similar for more than one model, we selected the predictor

variable with the highest adjusted R2. At this stage, we have a one

variable model.

The third step of the analysis was to create models with all

possible combinations of predictor variables where one of the

elements of the pair is the predictor variable selected in step one.

We then selected the best two variable models as described in the

previous paragraph, while making sure they are not collinear.

We repeated steps two and three and stopped when adding a

new variable did not improve the explanatory power of the model.

Thus, for a given set of significant predictors fx1, x2,  …, xng, the
model would be:
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ŷ = b0 + b1x1 + b2x2 +… + bnxn (10)

We used forward stepwise regression instead of the more

traditional multilinear modelling approach that starts from Eq. 10

and eliminates all variables that have no effect because the number

of data points is smaller than the number of parameters to fit to the

full multilinear model.
3 Results

3.1 Mathematical description of IPP and
DMAPP biosynthetic pathways

The full mathematical description of IPP/DMAPP biosynthesis

consists of 14, 16, 17 and 18 differential equations for the wild type

(WT), Mutant Type I (MT-I), Mutant Type II (MT-II) and Mutant

Type III (MT-III), respectively. Eq 11 shows the overall ODE

systems for the four model types:

WT: Black

MT-I: Black + 

green
MT-II: Black + 

+ purple

MT-III: Black + 

+ purple + 

yellow

(11)

green

green
3.2 MVA and MEP homeostasis is robust in
the WT line

Table 1 provides the concentrations of each metabolite estimated

from the model in the WT line. The system can achieve homeostasis

(stable steady state in mathematical nomenclature). Stable steady

states have negative real parts for the eigenvalues of the system’s

Jacobean matrix (Table 2). The model also estimates that pathway

substrates (HMG-CoA and DXP) and end-products (DMAPP and

IPP) concentrations are, in general, larger than those of intermediate

metabolites, which is another hallmark of a well-behaved biosynthetic

pathway (Alves and Savageau, 2000).

To understand how perturbations in parameters may affect the

ability of the system to maintain homeostasis, we calculated the

logarithmic sensitivity of the steady state Jacobian eigenvalues to each

parameter of the model (Supplementary Table S8). The model has

over eighty parameters and eigenvalues have sensitivities that are

above one (in absolute values) to thirty of them. The parameters to

which more eigenvalues are sensitive concentrate in reactions r2

(HMG-CoAcyt ! MVAcyt), r3 (MVAcyt ! MVPcyt), r4 (MVPcyt !
MVPPcyt), and r6 (IPPcyt ! DMAPPcyt) of the MVA pathway and
Frontiers in Plant Science 07138139
reactions r10 (Glyceraldehyde-3-P + Pyruvate ! DXP) and r18

(IPPpl ! DMAPPpl) of the MEP pathways. This suggests that

modifying isoprenoid biosynthesis could destabilize the

physiological steady states of the plant.
3.3 Homeostatic concentrations are robust
to enzyme mutations in the WT line

Sensitivity analysis identifies the parameters to which the

various variables of the model are most sensitive, as described in
TABLE 1 Concentrations of the basal model.

Metabolites [mM]

HMGCoAcyt 0.983

MVAcyt 3.5x10-5

MVPcyt 3.98x10-4

MVPPcyt 3.36x10-5

IPPcyt 0.109

IPPpla 0.0801

DMAPPcyt 0.136

DMAPPpla 0.124

DXP 0.0133

MEP 1.15x10-3

CDPME 1.11x10-4

CDPMEP 0.0920

MECPP 0.657

HMBPP 3.52x10-4
fron
TABLE 2 Eigenvalues for the Steady State.

Real Im

Eigenvalue1 -928.693 0

Eigenvalue2 -891.953 0

Eigenvalue3 -872.862 0

Eigenvalue4 -272.249 0

Eigenvalue5 -83.721 0

Eigenvalue6 -78.084 0

Eigenvalue7 -16.974 0

Eigenvalue8 -11.845 0

Eigenvalue9 -6.668 0

Eigenvalue10 -2.011 0

Eigenvalue11 -0.913 0

Eigenvalue12 -0.545 0

Eigenvalue13 -0.110 0

Eigenvalue14 -0.031 0
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(Sorribas et al., 2007; Alves et al., 2008). A high sensitivity of a

variable to a parameter indicates that small changes in that

parameter might lead to big changes in the variable.

Plausible models of biological systems have low sensitivities to

most parameters (Savageau, 1976; Kitano, 2007). The logarithmic

sensitivity analysis of the dependent concentrations of the WT

model with respect to each parameter of the model we performed

shows that our model fits this quality criterion. Only 51 out of 728

sensitivities are larger than one (Supplementary Table S9). DMAPP

and IPP are the metabolites with the highest sensitivities. High

sensitivities are well known to identify the parts of a system that

need to be modeled in more detail when additional information

becomes available (Savageau, 1976; Kitano, 2007). This is consistent

with the fact that we modeled IPP and DMAPP usage only through

simple sink reactions, without considering any metabolic and

regulatory details.
3.4 Existence of homeostatic behavior in
the mutant lines requires
posttranscriptional regulation of
protein activity

We implement the models for the biosynthetic pathways in each

mutant line using the same procedure as that for the WT line

(sections 2.3 to 2.6). These systems do not reach homeostasis,

having unstable steady states with a few intermediate metabolites

accumulating over time. This suggests that the models are not

plausible representations of the biological situation (Savageau, 1971;

Savageau, 1975; Savageau, 1976; Voit, 2013).

Biological systems can stabilize steady states and reach

homeostasis by adjusting the activity of enzymes in a pathway,

for example through post-transcriptional regulation of protein

levels and activity. We investigated whether emulating this type of

adjustment would stabilize the steady states in the models.

First, we identified the metabolites that accumulated in each

line, which were DXP, CDP-MEP, MEcPP, or combinations

thereof. Reactions r11, r14, and r15 of Table S2 either produce or

consume these metabolites. Using a minimal intervention policy, we

scanned the values for the Vmax parameters of reactions Vmax9,

Vmax12 and Vmax13 in order to identify the minimum change in

those parameters that would stabilize the steady state of each

mutant line.

To stabilize homeostasis in the models we scanned one-

dimensional, two-dimensional and three-dimensional parameter

spaces and found the values of Vmax that stabilized the steady

state in each model. The sets of Vmax that made the model for each

mutant line stable were stored in a candidate sets list and we chose

the final parameter set as the one with minimum normalized

Euclidian distance to the original set of parameter values for that

line. We provide the list of stabilized parameter values for each line

in Supplementary Data S1 – Model_stabilization. Supplementary

Figure S1 shows that Type II and Type III mutants require larger

changes in parameter values than Type I mutants.
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3.5 Stabilized homeostatic concentrations
are robust to enzyme mutations in the
mutant lines

We performed a sensitivity analysis of the stable homeostatic

concentrations with respect to each enzyme parameter, in each

mutant line (Figure 2A). We find that those concentrations are very

robust, with 3% of all individual sensitivities being higher than 1 in

absolute value in Type I mutants. This number goes down to 1.8%

in Type II mutants and 1.4% in Type III mutants. The total number

of individual sensitivities calculated for each line is higher than 900.

Globally, we found that, for each parameter pj, the aggregated

sensitivity S 0
j   of all metabolites to that parameter decreases in

mutant lines with respect to the WT. The global sensitivities to each

parameter decrease in the following order: WT>Type I lines> Type

II lines> Type III lines. We also found that the aggregated sensitivity

of each metabolite Mi to all parameters also decreases in the same

order (Figure 2B). Thus, our results suggest that post-

transcriptional regulation of a small number of enzymes is

sufficient to maintain homeostasis of IPP/DMAPP biosynthesis in

each mutant line.
3.6 Investigating average behavior for each
mutant type

While having a line-specific, data-driven, model is a more

accurate way of describing and predicting the behavior of each

mutant line, these are less than helpful in predicting how a new

mutant line of any of the three types will behave dynamically.

To create general, type-specific models that are more useful for

predicting the dynamic behavior and characteristics of generic new

mutant lines, we created a median experimental line for each

mutant type. To do so we use the median gene expression

activities for each gene in all lines of a given mutant type. Then,

we follow the procedure described in methods to generate three new

models, one per mutant type. Their steady state concentrations,

stability, and sensitivity analysis in Supplementary Table S10;

Figure 2; Supplementary Data S1. Figure 2 also shows that these

lines have sensitivity profiles that are similar to those of the

individual mutant lines of the same type. Moreover, the models

for the median lines of each mutant type have homeostatic behavior

that is robust to mutations in enzyme parameters, which is a

hallmark of a plausible model.
3.7 Variations in whole plant hormone
levels partially explain variations in the
biosynthesis of IPP/DMAPP in seeds

We also wanted to investigate whether early plant hormone

levels in the plant might be a proxy for subsequent changes in the

biosynthesis of IPP/DMAPP in seeds. To do so, we calculated how

changing hormone levels could explain changes in gene expression

and metabolite levels, as described in the methods section 2.11 and
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in Supplementary Appendix S1. We are not assuming that the

endogenous MEP, MVA, and exogenous MVA Pathways have an

influence in hormone production, only measuring if there is a

phenomenological correlation between variations in hormone levels

and metabolites or levels of gene expression.

iP is a proxy for changes in enzyme activity in all three mutant

types. For all mutant types, iP correlates to changes in the activity of

the early MEP pathway steps. In addition, for type I mutants, iP also

correlates to changes in the activity of MVA pathway early steps.

ABA is also a proxy influence in the early steps of the MEP pathway

for all mutant types. Other hormones have a mutant specific effect.

Table S7 summarizes the results for all hormones and presents the

hormone dependency equations for each mutant type.

To validate the resulting multilevel models, we investigated if

they could reproduce the correlation between experimental

hormone levels and model metabolites in the following way.

For each mutant type and metabolite whose concentration is

significantly affected by a given hormone, we took the median

model described in Section 3.6 and calculated the concentration of

the various metabolites as a function of hormone levels. Then, we

calculated the correlation in the simulation plot and compared that

correlation to the one computed when we plot concentration of the

same metabolite vs experimental hormone levels. We summarize

the results of this analysis in Table 3. We find that the models

maintain 48 out of 53 expected correlations between hormone levels

and metabolite concentrations. This is consistent with the extended

models being plausible multilevel descriptions of IPP/DMAPP

biosynthesis in the three mutant types.
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3.8 IPP/DMAPP production increases in
mutants with a complete exogenous MVA
pathway in the plastid

We estimated how the production of IPP/DMAPP changes

across mutant lines and types, with the help of the models. Figure 3

summarizes the results. Overall, our models suggest that median

metabolic flux going into the plastid’s IPP/DMAPP producing

pathways increases in the following way: Type III>Type II>Type

I. We dissected the production rates of IPP by HDR, IDI and MVD

(both endogenous and ectopic, where applicable), and the exchange

from plastid to cytosol. We also find that the mean production flux

for IPP increases from Type I to Type II to Type III.
3.9 Plant phenotype can be correlated to
hormone and gene expression levels

We used linear regression to investigate if hormone, gene

expression, and metabolite levels can predict macroscopic plant

phenotypes, such as plant height, number of leaves, leaf width, leaf

length and chlorophyll levels, as described in methods. Table 4

shows that the subset of phenotype parameters that can be

predicted from molecular data is different for different mutant

types and provides the best fit models for each phenotype

parameter and mutant type. Leaf length and chlorophyll content

can be predicted for types I, II, and III. Height can be predicted for

types I and III. Leaf width can be predicted for types II and III. The
A B

FIGURE 2

Heatmap of pooled sensitivities by parameter (left, threshold = 0.059) and by metabolite (right, threshold = 0.025), compared across mutant lines.
Endogenous pathways are equal in all mutant types and have the same reactions. The models for the exogenous MVA plastid pathway are mutant
type specific. Type III mutants include the reactions catalyzed by the five exogenous genes, HMGS, MVK, HMGR, PMK, and MVD. Type II mutants
include the reactions catalyzed by HMGS, HMGR, and MVK. Type I mutants only include the reaction catalyzed by exogenous HMGR. As such, type
III models have more kinetic parameters than type II. Type I has the lowest number of parameters. (A) Aggregate sensitivity of all metabolites to each
parameter. (B) Aggregate sensitivity of each metabolite to all parameters.
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number of leaves can be predicted for mutant types I and II.

Variations in the levels of the metabolites, genes and hormones

shown in Table 4 are the best predictors for the variations measured

in the macroscopic phenotype. The metabolic levels of DXP,

MEcPP, HMG-CoA are useful in predicting phenotypical

characters of leaves in all mutant types. DMAPP levels are useful

in predicting chlorophyll content in type III mutants. Table 4 also

includes the adjusted R2 for each model, which is a measure of the

percentage of variation in the phenotype that can be explained by

the model. Models explain between 40% and 77% of the

phenotypical variability, depending on the specific phenotype

being measured and the mutant type.
TABLE 3 Qualitative assessment of expected correlations between
metabolites and hormones.

Number of
correlations
assessed

Number of
correlations
matching
expected
effect

Ambiguous
effect or
none

observed

Type I 7 4 3

Type II 19 19 0

Type III 27 24 2
D

A B

E F

G

I

H

C

FIGURE 3

Box plots representing model predictions for exchange and production rates of IPP from different sources. Green – type I mutants. Mauve – type II
mutants. Gold – type III mutants. C – Production in cytosol. P – Production in plastid. (A) Production by HDR. (B) Export to the cytosol. (C)
Production by IDI (D) Production by MVD. (E) Total production in each compartment. (F) Total production. (G) Entry flux to the MVA, MEP, and
exogenous MVA pathways. (H) Entry flux into IPP/DMAPP production per compartment. (I) Overall flux directed for IPP/DMAPP production.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1133299
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Basallo et al. 10.3389/fpls.2023.1133299
3.10 Leveraging the models for
phenotype prediction

The results from the previous section allow us to create a

multilevel model, connecting metabolite concentrations, and

hormone and gene expression levels to the macroscopic plant

phenotypes. We summarize the multilevel model building process

in Figure 4. In Figure 5 we use the models from Table 4 and the

experimental data for gene expression and hormone levels to

calculate what is the expected value for the predicted phenotype,
Frontiers in Plant Science 11142143
according to the relevant model. Then, we include the experimental

determination for the same phenotype. We show that each type-

specific model can semi-quantitatively predict macroscopic

plant phenotype.
3.11 Models are mutant-type specific

We further investigated if the type-specific models were

accurate in predicting the phenotype of the other mutant types.

We used the median model for each mutant type, feeding it with the

experimental determinations for all the lines and measured how

accurate the phenotype predictions were for each type. What we

observed is that the type-specific models do not properly predict

other mutant types. For example, Figure 6 shows that our type I

model can only accurately predict chlorophyll levels for type I lines,

failing to do so for mutant types II and III. Supplementary Table S11

shows that phenotype predictions are only accurate when made

with the model for the correct mutant type. This suggests that

prediction for new mutant types would require developing a data

driven model for that mutant type.
4 Discussion

IPP and DMAPP are the precursor monomers to terpenoids, a

family of molecules that contains many chemicals with importance

in biology, pharmacy, biotechnology, biomedicine and cosmetics,

such as squalene. Plants produce those monomers using two

biosynthetic pathways: the MVA pathway in the cytosol, and the

MEP pathway in the plastid. As such, they are in principle a good

substrate for synthetic biology of valuable terpenoid biosynthesis.

Plants engineered with exogenous MVA pathway genes are a
TABLE 4 Multivariate linear models for the phenotype.

Adjusted
R2

Type I

Height = 56.028 – 22.688 MDS + 1.590 DXP
Leaves = Round (4.738 + 0.318 DXP – 0.245

MEcPP)
Leaf Length = 31.045 – 3.135 HMGS + 1549.320

HMBPP
Chlorophyl = 32.218 + 0.154 IAA – 1.571 HMGS

0.53
0.72
0.69
0.74

Type
II

Leaves = Round (3.325 – 0.00312 ACC + 0.0557
HMGCoAcyt)

Leaf Length = 41.621 + 6.048 HMGS – 116.641
MEP

Leaf Width = 0.596 + 0.124 HMGS + 0.0464 MVD1
Chlorophyl = 39.29 + 1.620 iP – 1.446 HDR

0.70
0.77
0.61
0.75

Type
III

Height = 76.626 + 25.445 GA4 + 0.432 HMGS
Leaf Length = 50.826 + 0.197 WR1 + 9071.25

MVPPcyt
Leaf Width = 0.881 + 0.005 HMGS + 0.007

HMGCoAcyt

Chlorophyl = 33.218 + 10.968 HDR + 75003
DMAPP

0.60
0.43
0.40
0.46
All units in (cm), except number of Leaves. Blue variables indicate gene expression levels. Bold
variables indicate hormone levels. All other variables represent metabolite levels.
FIGURE 4

– Multilevel modeling process. We integrate pathway data with gene expression and hormone levels to create line-specific models for isoprenoid
biosynthesis. We use the models to calculate metabolic steady state levels, which are then used as input variables, together with hormone levels, to
model plant phenotype traits in a type specific manner. We validated the multilevel models and then used them to predict the phenotype of
additional rice mutants of each type.
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promising platform for downstream terpenoid production

(Andersen et al., 2021; Pérez et al., 2022). For example, when

exogenous HMGRS, is expressed in the cytoplasm of tobacco

leaves, these leaves appear to produce more cytoplasmic IPP/

DMAPP. By also expressing exogenous crtE, crtB, and crtI, the

plant uses the excess IPP/DMAPP to become biofortified in

carotenoid pigments, such as lycopene (Andersen et al., 2021).

Changing the flux going through the MEP plastid pathway has

stronger, pleiotropic effects (Pérez et al., 2022). This is likely due to

the developmental plant hormones produced from plastid IPP/

DMAPP. As such, increasing the production of IPP/DMAPP in the
Frontiers in Plant Science 12143144
chloroplast while containing the deleterious effects this might have

in plant development is more effectively done through expression of

an orthogonal MVA pathway in the plastid (Pérez et al., 2022). Still,

plants use their IPP and DMAPP to synthesize all their cognate

isoprenoids, including developmental hormones and protective

molecules. Because of this, engineering plants to divert material

from the pathways towards biotechnological purposes has

significant pleiotropic effects that are often deleterious (Ye et al.,

2000; Ro et al., 2006; Naqvi et al., 2009; Ajikumar et al., 2010;

Zorrilla-López et al., 2013; Fuentes et al., 2016; Jiang et al., 2017;

Kang et al., 2017; Georgiev et al., 2018; Kotopka et al., 2018; Cravens
FIGURE 5

Predicted against observed values of phenotype variables. All units in cm, except chlorophyl (mg/g) and number of leaves. We predict phenotype for
each mutant line by combining the molecular line-specific models with the phenotype, type-specific, models. Note: each type is being predicted by
its own model.
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et al., 2019; Luo et al., 2019; Maeda, 2019; Gülck et al., 2020;

Srinivasan and Smolke, 2020; Zhu et al., 2021; Liew et al., 2022;

Pérez et al., 2022; Yang et al., 2022; Zhang et al., 2022; Grzech et al.,

2023). Consequently, if plants are to be used as a platform for

terpenoid biosynthesis, one must engineer IPP/DMAPP

biosynthesis in such a way that they are able to properly develop,

while producing an excess of monomers that can be used for

downstream high value terpenoids production.

This work aims to contribute towards that goal. We generated

over thirty independent mutant rice lines that, in addition to the

native MVA and MEP pathways, had three alternative versions of

an exogenous MVA pathway located to the chloroplast. The

method used to create the lines results in a non-targeted

integration of the ectopic genes in the genome of the endosperms.

This created the potential for different dynamic behavior of

pathway metabolites among lines within the same mutant type.

We then measured the expression of the genes in the pathways, the

hormone levels, and the macroscopic phenotype of the WT and

mutant lines. We combined all this data into multiscale, line-

specific, mathematical models of the plants that connected all the

variables and measurements. We use these models to understand

how the alternative versions of the pathways contribute to change

the flux going through the IPP/DMAPP metabolic pools.
4.1 Modelling limitations

Several modeling efforts focused on analyzing the biosynthetic

and signaling dynamics of complex terpenoids in plants (Latowski

et al., 2000; Bruggeman et al., 2001; Rios-Estepa et al., 2008; Rios-

Estepa et al., 2010; Band et al., 2012; Beguerisse-Diaz et al., 2012;

Pokhilko et al., 2013; Pokhilko et al., 2015; Allen and Ptashnyk,

2017; Nazareno and Hernandez, 2017; Dalwadi et al., 2018; Rizza

et al., 2021). For example, Band et al. and Rizza et al. use

compartmental modeling to study the biosynthesis and diffusion

of gibberellins in root tips (Band et al., 2012; Rizza et al., 2021).

Terpenoid signaling is often also a target for modeling. For example,

Allen & Ptashnyk use models to study signaling interactions

between brassinosteroid and gibberellin signaling pathways (Allen

and Ptashnyk, 2017), and Nazareno & Hernandez do the same to
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study signaling interactions between of abscisic acid, ethylene and

methyl jasmonate on stomatal closure (Nazareno and Hernandez,

2017). Modeling studies of the biosynthesis and regulation of

terpenoid precursors in plants are less common. In fact, we are

only aware of two such modeling effort for the MEP pathway in

plants (Pokhilko et al., 2015) (Neiburga et al., 2023) and another in

Plasmodium falciparum (Singh and Ghosh, 2013). The plant MEP

model was used to study how circadian rhythms regulate the

dynamics of the pathway in plants, while the P. falciparum model

was used to investigate the regulation of the pathway and to predict

the effects of genetic manipulations on the production of

isoprenoids with the addition of in silico inhibitors. Regarding the

MVA pathway, we found no model in plants. Still, this pathway was

modeled in bacteria (Weaver et al., 2015, Dalwadi et al., 2018).

These MVA models study the dynamics of the pathway in the

context of introducing it in bacteria using synthetic biology. Finally,

we know of only one other example where both pathways were

modeled together in yeast, using Petri net-based dynamic modeling

(Baadhe et al., 2012). Taking all this into account, creating models

that can be used to study the dynamics and interactions of the MVA

and MEP pathways in plants is an important goal, towards which

this paper contributes.

Trusting the models normally requires that they are validated

by comparison with experimental data that was not used to build

them. This was one of the technical limitations in building line-

specific models, as we needed most of the available data to estimate

the parameter values for each line. As such, the measurements can

be used for either model building or model validation, but not

both simultaneously. To sidestep this problem, we used

three approaches.

First, we used sensitivity and stability analysis as general model

quality assessment tools (Savageau, 1975; Kitano, 2007; Voit, 2013)

to both evaluate the quality of the line-specific models and identify

the parameters that could be used to improve that quality. The WT

model is of high quality, being robust to changes in parameters

(>92% of parameter sensitivities lower than 0.5) and producing a

stable steady state, with metabolite concentrations that are well

within the accepted biological ranges (Albe et al., 1990). In contrast,

the steady states for the original line specific mutant lines are

unstable, leading to unbound accumulation of MEP pathway
A B C

FIGURE 6

Using Type I (A), Type II (B) and Type III (C) Chlorophyl models to predict Type I, Type II and Type III chlorophyl levels (mg/g).
frontiersin.org

https://doi.org/10.3389/fpls.2023.1133299
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Basallo et al. 10.3389/fpls.2023.1133299
intermediates. This indicated that the models needed improvement.

We hypothesized that the simplest reason for model instability

could be consequence of a nonlinear relationship between changes

in the expression of pathway genes and changes in enzyme activity.

To test if the hypothesis is consistent with our data, we scanned the

parameters that represent the enzyme activities that directly

produce or use the accumulating metabolites in the model:

Vmax9, Vmax12 and Vmax 13. By executing this procedure, we

identified the sets of minimal changes to the values for these

parameters that generated stable and robust steady states, with

metabolic concentrations within known physiological ranges. We

remark that other, more complex explanations might also be

consistent with the experimental data. Still, Occam’s razor argues

that the simplest explanation is the most likely one, in the absence of

additional data (Borgqvist and Palmer, 2022; Piasini et al., 2023).

Second, we created “median” models for each of the three types

of pathways. To do so, we pooled together all mutant lines of a given

type and calculated the median of the pool for each variable. Then,

we used that median to create the median model for each mutant

type, in the same way we create line specific models. These median

models also allowed us to estimate the metabolites for each

individual line. Comparing the results with the line specific

models shows that these median models have a similar behavior

to the models of the individual lines of the same mutant type

(Figure 2). In addition, when we use the median models to predict

the phenotype of the individual lines, the predictions have an error

that is similar to that of the individual line models. This suggests

that we can use the median model of a given mutant type to study

newly created lines for that mutant type.

Third, we used the multilevel models to predict plant phenotype

and compare the results with the experimentally determined

phenotype, achieving a prediction accuracy of up to 80%

(Supplementary Table S11). We summarize the process in

Figure 4. We make different assumptions about the relationship

between variables in our modeling. We model the effect of changes

in gene expression on the concentrations of pathway intermediates

assuming a direct cause-effect relationship between changes in the

expression of a gene and changes in the corresponding enzyme

activity. We model the effect of enzyme activity on the flux going

through the reaction catalyzed by that enzyme using traditional

enzyme kinetics. In both cases this assumes a causal relationship

between variables. In contrast, we assume that there might be a

phenomenological relationship between changes in hormone levels

and changes in gene expression and phenotypes and test for that

relationship. When we find statistical evidence for that relationship,

we include it in our models in different ways. The influence of

hormone levels on gene expression is added to the metabolic

pathway models through the use of approximation theory, in a

way that is mathematically well justified (Salvador, 1996; Sorribas

et al., 2007; Alves et al., 2008). The phenomenological influence of

hormones, genes, and metabolites on phenotype was accounted for

by using statistical linear models. As additional experimental

studies become available, the phenomenological parts of the

models will need to be adjusted in order to account for the

knowledge generated by those experiments. Overall, the quality

assessment steps we performed suggest that our models can be used
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as reasonable semi-quantitative prediction tools to help in better

understanding the biology of isoprenoid biosynthesis modification

in rice.
4.2 Biology of IPP/DMAPP production:
from molecular determinants to
plant phenotype

Posttranscriptional regulation is important for the proper

functioning of the MEP and MVA pathways in plants (Laule

et al., 2003; Guevara-Garcıá et al., 2005; Sauret-Güeto et al., 2006;

Flores-Pérez et al., 2008; Xie et al., 2008; Cordoba et al., 2009; Han

et al., 2013). Our modeling and analysis indicate that IPP/DMAPP

production is robust to fluctuations in enzyme activity in WT rice

(Table 2; Supplementary Tables S8, S9). Further, it suggests that

posttranscriptional modulation of enzyme activity is important in

stabilizing IPP/DMAPP production in mutant lines (Figure 2;

Supplementary Table S2). In all cases, stabilizing the steady state

of a mutant line requires that the activity of a protein is upregulated

with respect to the changes in gene expression for that protein

(Supplementary Data S1). This is fully consistent with the

observation that, when compared to the WT Arabidopsis plants,

changes in the activities of DXS and DXR proteins are bigger than

the changes in expression of the corresponding genes (compare

panels A and C of Figure 3 in Flores-Pérez et al. (2008)).

Interestingly, DXR is one of the proteins flagged in our models as

a potential stabilizing influence for the steady state of the rice

mutants (Supplementary Data S1).

Our results also suggest that variations in plant hormone levels

can predict, to some extent, both plant phenotype (Table S11) and

the biosynthetic fluxes of IPP/DMAPP in the seeds (Table S7).

Further, variations in plant gene expression levels in combination

with variations in plant hormones can improve phenotype

predictions (Tables 4, S11). However, the more complex the

genetic manipulation was, the less accurate the phenotype

predictions become. While the median adjusted R2 for the

predictions is approximately 60% in mutant types I and I, this

number goes down to 35% in type III mutants (Table S11).

Pérez et al. (2022) also reported that plant development is more

similar to that of the WT in mutant type III, followed by mutant

type II, and finally I. Our modeling suggests an explanation for this

observation. The analysis predicts that the global production of IPP/

DMAPP is on average higher in the mutant types that have a more

complete version of the exogenous MVA pathway in the plastid

(Figure 3). The average amount of flux going through the

endogenous MEP and MVA pathways in Type III mutants is the

most similar to that of the WT, followed by the flux going through

the endogenous pathways in Type II mutants. The least similar flux

to WT is that of Type I mutants (Figure 3). Figure 3 also shows that

the total amount of flux going through the IPP/DMAPP pools in

mutant types I and II is similar to that of the WT. The flux going

through IPP/DMAPP is larger in Type III mutants than in the WT

rice. Taken together, these observations suggest that plants can

distinguish between the IPP/DMAPP produced by each of the

pathways. Too little flux going through the endogenous MEP
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pathway compromises the production of developmental hormones

leading to plants with developmental defects. In conclusion, we

believe that an iterative modeling-experimental process as the one

presented here would be an effective way to identify which parts of

each pathway are more sensitive to further manipulation, and which

parts are more likely to be good targets for modification in order to

increase the flux without disrupting the development of the plant.
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Flores-Pérez, Ú., Sauret-Güeto, S., Gas, E., Jarvis, P., and Rodrıǵuez-Concepcióna,
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