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Introduction

Plant oils are important for both nutrition as well as industrial purposed. One market research study
valued the global oilseed market as USD 293.56 billion in 2022, forecasting a compound annual growth
rate of 5.5% between 2023 to 2030 reach about USD 450.52 billion in valuation by 2030 (Databridge
Market Research, 2022).

Given the valuable commercial value of oilseed market, a tremendous amount of research has been
conducted over the decades to improve oil content in oilseed plants (see Sagun et al., 2023, for a current
summary). For example, a study demonstrates the potentials of increasing oil content at the expense of
starch production in potato via genetic engineering (Liu et al., 2017; Xu, 2019). In another study,
scientists identified genetic factors in the plant Arabidopsis thaliana, enriching the current understanding
of the negative correlation between oil and protein content in seeds (Jasinski et al, 2018).

Over the past several decades, it has become possible to grow plants in microgravity in space. It is,
therefore, natural to ask: Would growth in microgravity affect the oil content in oilseed plants? If so,
could these microgravity effects be applied to improve oilseed production on Earth? Unfortunately, as of
today, no research studies have been conducted on investigating oil content of oilseed plants grown in
space (Kordyum & Hasenstein, 2021). However, a handful of studies have shown that there was a delay
in seed maturation and a change in lipid reserve metabolism in seeds grown under microgravity. The goal
of this paper is to provide a summary of the results of those microgravity experiments.
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Lipids in Plants

Most plants store their oils in seeds. Plants producing seeds or fruits with high levels of oils or other
commercially useful fats are called oilseed plants. Oils, proteins and carbohydrates are major energy
reserves for the seed embryo in germination and post-germinative growth before photosynthesis can take
place.

Major oilseed plants such as soybean, rape, and sunflower store their oils as lipids' in the cotyledon (part
of the embryo inside the seed of a plant) as TAG (triacylglycerol) during seed development (Nguyen,
2016, Ch 3.2, p. 246; Kigel, 1995, Ch. 7, p 173). High activity level of TAG biosynthesis occurs only
during a short window (usually about two weeks) (Beaudoin & Napier, 2003, p 268). In a study of
Arabidopsis, a model for flowering plants, the regulator genes WRI1 that controls other genes of oil
biosynthesis had the highest expression between 6 to 8 days after flowering and started to decline after 10
days of flowering. After that, the accumulation and synthesis of protein started to take place in the seed
(Kanai et al., 2016, p. 1242). The timing of lipid and protein synthesis in developing seeds varies,
depending on plant species.

Lipid-related studies in microgravity

The growth cycle of plants starts with seed germination, a process in which a plant grows from a seed into
a seedling. Germination starts when the dry seed absorbs (imbibes) water. Then the seedling uses the oils,
carbohydrates and proteins stored in the seed as food supply to support its growth.

A microgravity study showed that the lipid utilization in Arabidopsis seeds were delayed during seed
germination in microgravity. In microgravity samples, there was over 15% of the lipid volume in
cotyledon symplast compared to less than 7% in control samples (Briarty & Maher, 2004). The symplast
of a plant is the inner part of the plasma membrane, which is essential in transporting water and solutes
between cells. Their result is consistent with studies conducted in a clinostat environment. A clinostat is a
rotational device that can simulate microgravity while on Earth. For example, lipid content increased in
cotyledon tissue (seed leaves) in soybean seedlings exposed to 6 days of clinorotation (Brown & Piastuch,
1994). Lipid metabolic modification was also observed in a study on rapeseed seedlings on clinorotation
(Aarrouf et al., 1999). In addition, lipid droplets confluenced into large aggregates were observed in the
roots of Lepidium sativum, commonly known as garden cress (Hensel 1980).

In a microgravity study, spores of the fern Ceratopteris richardiito were exposed to microgravity aboard
NASA shuttle flightSTS-93 (Salmi & Roux, 2008). One of the findings in their study, which was
consistent with other studies, was that the genes involved in lipid mobilization in plants altered their
expression in microgravity environment. Based on their study and other studies on microgravity effects

! While there is no exact definition of lipids, a commonly used definition based on their physical properties is
the following: “as oily, fatty, waxy organic compounds, which, while insoluble in water, are readily soluble in
organic solvents” (Murphy, 2005, page 4).
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on Arabidopsis, the authors suggest that "changes in the utilization of reserve lipids in microgravity occur
in ferns as well as angiosperms and may, in fact, be universal to plants." (Salmi & Roux, 2008).

Epigenetics studies in microgravity

Plants have various ways to adapt to stresses in the environment. In addition to mutations in DNA
sequences, phenotypic changes in plants can also be caused by changes in gene expression without any
DNA modifications. This type of changes is called epigenetic change, which can be inherited across
generations (Iwasaki & Paszkowski, 2014).

Scientists have confirmed that DNA methylation, a type of epigenetic changes, was observed in
Arabidopsis thaliana plants grown from seeds aboard the space station. A study in 2019 found that
epigenetic changes in Arabidopsis thaliana plants in microgravity were organ-specific where higher level
of methylation were observed in leaves instead of roots (Zhou et al., 2019). Another study observed that
the changes in gene expression were widespread (Nakashima et al., 2023).

In a similar study conducted on Arabidopsis thaliana seedlings grown in a Chinese recoverable scientific
satellite, it was shown that DNA methylation was detected in root length, flowering time and silique
length phenotypes in the first generation offspring of seedlings grown in space. However, only root length
phenotypic change was retained in the second generation of the offspring and no longer observed in the
third generation (Xu et al., 2021).

The upcoming findings from NASA’s Plant Habitat-03A experiment will shed light on whether
epigenetic changes induced by environmental stresses in microgravity environment can pass from one
generation to another (NASA, 2022, Oct. 28).

While the application of epigenetics on crop breeding is still at its early stage (Tonosaki et al., 2022), the
question of how heritable epigenetics changes is an important one with both space and commercial
implications. Understanding how plants adapt to stress in space environment will help not only astronauts
growing plants for food in space, but also farmers to grow plants to adapt to increasingly harsh
environmental conditions on earth. For a review on epigenetics and crop improvement, see Varotto et al.
(2020), Bilichak (2016) and Fresnedo-Ramirez (2023).

So far, studies have suggested that epigenetic changes and how heritable they are depend on specific
phenotypes. If so, it would be interesting to ask the following questions: do spaceflight environments
induce epigenetic changes in lipid synthesis in developing seeds, lipid metabolism in seed germination?
How heritable are these the changes across generations?

If so, then it would be further interesting to ask if spaceflight environments induce epigenetics changes in
lipid metabolism in plants and how heritable the changes are across generations. Hopefully, the answers
to these questions will increase our understanding on how to increase lipid content to benefit mankind.
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