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For Jude

I feel it in my branches, I feel it in my roots
Endophytes are in me, from my flowers to my roots.
—from Andy MacKinnon’s endophyte
sing-along at a Washington Native Plant
Society meeting
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FOREWORD

PLANTS EVOLVED IN the presence of bacteria and other microbes; they could rely on microbes through evolutionary time for nutrient and development control. Rhizophagy delivers nutrients to plants, but that is not the only function of the microbes involved. Plants also use intracellular microbes in their development and growth processes. The bottom line is this: without microbes (mostly bacteria), plants get less nutrients and cannot develop properly. Those are two facts.

It is not only about rhizophagy (a cycle that definitely delivers nutrients, as multiple experiments have shown) but also development (again, per multiple experiments) and other effects that we do not yet know—for example, all the effects intracellular microbes have on plants and plant gene expression.

Healthy plants really are “teaming with bacteria.” It is mind-blowing, but the bacteria are distributed all over the plant—shoots, leaves, and fruits. Where plants do not oxidize them, these endophytic bacteria even enter into nuclei. We have seen them in chloroplasts in some cases—probably to escape being degraded in the cytoplasm.

I had a visit with a creative young scientist, David Johnston-Monje (who authored an article about endophytes in corn) in Cali, Colombia. Over some craft beers we discussed recent observations concerning microbes emerging from tomato glandular trichomes on leaves and stems. We speculated (hypothesized) that all plant hairs could originate from intracellular bacteria stimulation—and that the function of this emergence of microbes from trichomes onto the surfaces of leaves was to originate the phylloplane microbial community for defense of leaves.

We know that cannabis makes lots of glandular trichomes on flowers and fruits. Are microbes important in the development of those cannabinoid-laden structures? Do the microbes affect cannabinoid content? We don’t know.

I think this book is important and will give people a glimpse into a future where most of what we thought about plants will be modified substantially. The plant microbiome will play a much more prominent role in thinking about plants.

Some of this book’s young readers may be the ones to make new discoveries about how the plant microbiome works. I hope that will be the case.

James Francis White
Rutgers University
March 2021
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PREFACE

IT IS DIFFICULT to write a book—truly not a task to be undertaken lightly. To do it justice, you need to crawl down a rabbit hole and stay there until the job is done. It is lonely down there, so the subject matter has to be worth it. Having reemerged, I can say with confidence: rhizophagy is most definitely worth the trip.

I first saw the word in 2010 when my friend Ross sent me a one-word text: “Rhizophagy!” At first I thought he was calling me a weird name, but I knew the word’s Greek roots (rhizo, “root”; phagy, “to eat”). So—rhizophagy, root-eating. No other information was available back then. I eventually learned that rhizophagy was root cells engulfing microbes and using them for nutrients. I filed it away.

Fast forward ten years. While reading up on endophytic bacteria—
those that live inside plants for part of their lives without causing the plant harm—I came across research papers on the subject of rhizophagy by James Francis White, a professor at Rutgers University. His team confirmed and expanded earlier studies conducted by Chanyarat Paungfoo-Lonhienne and her associates at the University of Queensland, Australia. These scientists deserve our attention. Nobel Prizes for you all.

Endophytic bacteria are found inside every single plant. They usually help the plant, by aiding nutrient acquisition, increasing stress tolerances, and controlling pathogens. Yet little is written about endophytic bacteria for the gardening world. What’s more, it appears a new plant—microbe nutrient cycle is in play. Bacteria move from the soil into young root cells at root tips. As they do, they trigger the plant to produce chemicals that dissolve the bacteria’s cell walls. Amazingly, the wall-less bacteria remain viable and actually increase in number as they are circulated around the outer edges of the root cell—and the dissolved components of the bacterial cell walls become plant nutrients.

In an attempt to neutralize the wall-removing chemicals, the intracellular bacteria produce nitric oxide; this is converted to nitrates, and these too are absorbed by the plant root cell (more nutrients!). And all the while, these bacteria are releasing ethylene into the plant cell, causing the cell to elongate.

When enough of these wall-less bacteria accumulate in the root cell, their ethylene causes a root hair to form, and they are ejected from its tip back out into soil. The formerly endophytic bacteria, now living in soil, rebuild their walls, fatten up, and repeat the cycle.

BREAKING NEWS

Wait. What? Which plants? All plants that have root hairs. Root hairs are formed by intracellular bacteria? And these intracellular bacteria provide significant amounts of a plant’s nutrient needs? This is in addition to the nutrients derived from the soil? Time for another book.

I thought long and hard about whether another trip down the writer’s rabbit hole would be worth it. When I emerged the first time, I had a manuscript for Teaming with Microbes: The Organic Gardener’s Guide to the Soil Food Web (Timber Press, 2006). I made that journey because I was as excited then as I am now about bacterial endophytes and the rhizophagy cycle. I knew other gardeners would benefit from knowledge of the soil food web, a cycle which had been uncovered primarily by Elaine Ingham but was not yet generally accepted. If there was an introductory book on the subject, other people might get excited about Dr. Ingham’s work, and I would have gardeners to talk to about microbes, soil, and plants.

Teaming with Microbes (you do need to read it) is all about the soil food web as we knew it at the time. At its core is this premise: plants are in control of soil microbes, which they attract to their root zones. These microbes produce nutrients in inorganic form so they can taken up by the plant.

The second time I went down the hole was to explain how plants used those nutrients. Teaming with Nutrients (Timber Press, 2013) explains how plants take in the nutrients the soil food web makes available to them and what happens to the nutrients once inside the plant.

I never planned to go down the rabbit hole again, but fungi (and a type of endophytic fungi at that) are a huge part of the story of how microbes make food available in the soil. Teaming with Fungi (Timber Press, 2017) was that trip’s result. A trilogy of Teaming books and I was done.

Ah, but who knew, then, that endophytic bacteria were helping plants grow? And who knew about the rhizophagy cycle? So, a fourth trip—resulting in this book on the benefits of endophytic bacteria, complete with an introduction to the amazing rhizophagy cycle. The activities of these special bacteria add to our understanding of the soil food web concept of microbes feeding plants. It’s too early to say our understanding is complete. But some of these bacteria are already on the market. Professional growers use them. Gardeners should as well.

BACTERIA INSIDE PLANTS

Where have endophytic bacteria been all these years? I remember learning Louis Pasteur pulled some juice from a grape with a sterile pipette and couldn’t get it to ferment. This caused him to assert, wrongly, that it was sterile inside the grape and, ergo, inside all plant parts. (Really? Didn’t anyone think to ask him: Louey, how come fruit rots?) In any case, today we have pictures, and these pictures don’t lie. Intracellular bacteria occur all throughout plants.

So why haven’t gardeners realized that their plants are full of beneficial bacteria? Well, bacteria are really, really small, so small we have trouble envisioning them even in our most imaginative mind’s eye. The tip of the tiniest pin carries thousands of them, lined up like bricks in a wall. Ever see a flea? I haven’t either, but a flea is covered with loads of bacteria; the flea is huge compared to them.

Since no one was really looking for bacteria inside plant cells, they usually went unseen. Well, the type of microscope makes a difference too, but when they were first glimpsed (somehow), they were classified as Golgi bodies and vesicles. The pictures look like some of Dr. White’s Rutgers’ photo shots, hairs full of what we now know are bacteria. They saw them in the ’90s, but they just didn’t know what they were looking at.

Researchers who study endophytic bacteria had to develop special techniques to prove they were inside plant cells. They employed special microscopes and cameras. They used stains to detect bacteria and their metabolites. They even found ways to record defensive compounds used by plants in conjunction with these bacteria. It was all very complicated (and still is), but what discoveries! Plants not only farm bacteria in the soil, but they also herd them into cells and strip off their coats before returning them to the soil.

EXPANDING THE SOIL FOOD WEB

It may not be well known now, but the rhizophagy cycle represents another way plants obtain nutrients, one that is very different from soil-supplied meals. Here, bacteria nourish the plant from inside its root cells. They enter the plant, feed it, and then move back into soil. It is a big addition to how the soil food web operates.

Rhizophagy harkens back to the 18th century, when scientists were convinced that plant roots ate soil to get nutrients. This is why Jethro Tull, an English solicitor and agriculturist, persuaded farmers to rototill, a practice we now know does harm to the soil food web. This Humus Theory was ditched once German chemist Justus von Liebig invented “artificial manures,” precursors to modern chemical fertilizers. Proponents of the Humus Theory would view the rhizophagy cycle as vindication that they were right after all. They would have to have waited until 2008, however, which was when the rhizophagy cycle was first reported. It was hard enough convincing growers that microbes had a real role back then. I am hopeful now that it will be easier to accept that plant roots do, indeed, eat microbes!

STAY TUNED

This is only the preface to the story, so I won’t spoil it. But contrary to what you learned in grade school science class, root hairs are not just for adsorption anymore. It appears every plant that produces root hairs engages in the rhizophagy cycle.

There is much to learn about endophytes in general and the rhizophagy cycle in particular. Make no mistake, the story I tell here is not mine but that of a handful of very, very dedicated, smart (and equally excited) scientists who just haven’t had time (or perhaps the spousal permission, for which I am so grateful) to go down into a rabbit hole to write it up for the general public. A growing cadre of cohorts around the globe continue to make astonishing discoveries, on a weekly basis, that will surely and swiftly make parts of this book obsolete. Still, we now have a model with which to start understanding an important, additional way plants obtain nutrients. This is exactly what we need if we are to feed a rapidly burgeoning world population and deal effectively with climate change and soil loss.

Gardeners, farmers, and other growers: we need to make sure our best growing practices take endophytic bacteria into consideration. They can make plants grow better, naturally. We must adjust best practices (and develop new ones) to ensure the rhizophagy cycle (and indeed, the whole soil food web) can operate most efficiently and that the right endophytic bacteria can do what they are supposed to do without interference.

CAVEATS

A few caveats are necessary before we begin. We need to learn some science to understand endophytes and how to work with them. In the pages that follow, I have tried to limit the scientific information (botanical, biological, biochemical) to what you absolutely need to know so you can have a running start at understanding endophytic bacteria and the rhizophagy cycle. I repeat (maybe too often) the important stuff so the science should diffuse into you (like nitrogen into a plant). In any case, there is no test. Relax.

Next, don’t feel you have to memorize anything as you read this book. And this goes, in particular, for the scientific names of bacteria, from phyla and genera to species and strains. You will initially be a bit freaked out (I was), but I assure you: you don’t even have to pronounce them to yourself as you read, much less memorize them. The important ones will be repeated often enough that you will become familiar with them by sight, and that is good enough for now.

Third, I am crazy about gardening and love science, but I like to joke around too. Forgive me in advance for my attempts at humor, earlier and to come. (I usually add these comments in parentheses, to help you identify what you might want to gloss over.) I also ask a lot of questions in this book, and I sometimes speculate on the answers. (I believe speculation stimulates thinking.) I hope these occurrences are obvious.

Finally, I supply a few thoughts about the future of gardening, growing, and farming with endophytes. (I warn you, I am opinionated—just ask my family and friends.) It may seem like speculation, but I have a track record. The soil food web and mycorrhizal fungi are now mainstream. I am certain that endophytes and the rhizophagy cycle will be too.
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Botany for Students of Endophytes

AS A GARDENER, you don’t need to know anything about, say, the location of particular plant cells to successfully germinate a seed or transplant a start—but some knowledge of how plants operate is required before you can appreciate endophytic bacteria and the rhizophagy cycle. This, in turn, requires a measure of familiarity with specialized language that many of us simply don’t know (or did know at one time but have now forgotten).

And so we start with a review of some basic botany—promise, it will be painless. You may wish to review the other books in the Teaming series, and it never hurts to have a whole book on botany on your reference shelf. My favorite is the fourth edition of Botany for Gardeners (Timber Press, 2022).

SEEDS

Let’s begin with seeds. Why? Endophytic microbes may enter plant roots via the soil, but seeds are often how these bacteria get into the soil in the first place. Seeds contain bacteria necessary for seedlings to get a good start, and these bacteria either remain in the plant or move into the soil. I am referring here to seeds of flowering plants, angiosperms, as that is what we plant in our gardens and on our farms. Gymnosperms (“naked seeds”) don’t employ the same seed structures, but they too host endophytic bacteria and their roots participate in the rhizophagy cycle.

If anything about growing a plant is taken for granted, it is the seed. You stick one into soil, give it water, and off it grows. All the gardener needs to know is whether the seed is viable (which might have to do with its bacteria, actually), how deep to plant it, and how long it will take to germinate. Not much time is spent contemplating the wonder of seeds—what they do and how they do it; we are much more interested in the process’s end result.

Seeds of particular species tend to have the same bacteria in and around them from one generation to the next. This is because very specific endophytic bacteria are carried in their seeds. And there are even different strains of bacteria for different strains of the same plant species; these endophytes may be why your heirloom tomato differs from mine.

Seeds are the containers that hold the plant’s DNA. Each seed contains a miniature plant as well as the food necessary to sustain this embryo until it can produce its own supply. The seed’s bacteria surround the embryo but are not found in it (perhaps because they might decay it before it can germinate).

SEED COAT

Consider, then, the structure of a “typical” seed. Designed by evolution to facilitate survival after dispersal (and sometimes even involved in its own dispersal), a seed has three primary parts: a hard outer coat, a tender embryo, and embryonic leaves. As a gardener, you’ve undoubtedly encountered all three. The seed coat not only protects the embryo from being squashed, it keeps it from drying out. This requires a relatively hard wrapper (think box) with some special properties.

The seed coat consists of layers of cells known as integuments. Integuments surround ovules, the part of flowers in which seeds form. A flower’s integument becomes the tegmen (a great crossword puzzle word), the seed coat’s inner layer. A second integument becomes the outer (sometimes only) layer, the testa. In monocot seeds, the tegmen and testa merge, growing together. Testa cells often produce astringent compounds that help protect the seed from consumption by predators before it is ripe; these tannins are what cause the dry, sour taste of unripe fruit.

The seed coat protects the embryonic tissue passed on from the mother plant. Embryos can’t develop without water and oxygen. Seed coats are mostly impermeable by water but selective as to gases. Some testa have an opening, the strophiolar cleft. (Scientists have a word for everything.) It is plugged. Removal of the plug enables water and gases to enter the seed, which triggers germination. Plants that don’t have a cleft rely on abrasion or chemical degradation (such as when a seed goes through a mammal or freeze and thaw cycles) to allow water to enter. Not surprisingly, some seed coats are degraded by microbes, and this lets in the water.

As the primary root grows during germination, it is protected by a sheath, a coleorhiza. The shoot, on the other end, is also protected by a sheath, the coleoptile, which stops developing when the plant is exposed to light, causing the embryonic leaves to unfold. Meanwhile, bacteria that are in the seed develop populations in the soil and in the plant as it germinates and grows.

THE EMBRYO

The embryo carries with it all the DNA for a new plant. All embryos consist of three parts: a radicle, the hypocotyl, and cotyledon(s). Let’s start with the radicle. These are the cells that will develop into the primary root, the taproot that grows downward into the soil. Side or lateral roots grow from it.

Next is the hypocotyl, the embryonic shoot located between the radicle and the cotyledons. It becomes hooked-shaped immediately after germination, which protects the fragile new seedling as it grows through soil. When exposed to light, the hypocotyl straightens out, elongates, and points the leaves toward the sun.

Cotyledons are the embryonic leaves, sometimes referred to as seed leaves. These open after germination and provide the photosynthetic goodies to the seedling (whose stem, the epicotyl, is located just above the cotyledons). If the seed has only one cotyledon, it is a monocotyledon, a grass. Gymnosperms have at least two (and often more) cotyledons.

GERMINATION

Seeds can live a long time before germinating (a 2,000-year-old date palm seed may hold the record). How is the embryo able to survive for so long? It is either embedded in nutrients to use while inside the seed or it has evolved to survive without nutrients, so long as there are some to assist at the start of germination. There isn’t usually much biological activity inside a seed anyhow, so a little bit of food goes a long way.

Either way, seeds have a very limited amount of nutrient support beyond what they require for germination—about a two-day supply, on average. While inside the seed, proteins used later for support are suppressed from developing into anything except food. Given the limited material and energy at hand, this makes perfect sense. When conditions are right and growth is triggered, proteins are used in the biosynthesis of needed parts and the plant grows. In case you are wondering, gibberellic acid (my favorite hormone) is the regulator that speeds up seed germination.


[image: Image]

A seed germinates into a seedling.



A SEED’S MICROBIOME

The first of the two basic groups of seed microbes are the endophytic microbes; these reside inside the plant. The second group, epiphytic microbes, live on the surface. Some bacteria have dual roles, converting from one group to another.

Endophytic bacteria are most often transferred vertically. They start out in a seed, move into the plant, grow inside its flowers, and move on to the next plant via seed. Or they can enter a plant horizontally, via a wound, for example, or swimming into a leaf’s stomata. It is even possible some insects, pollinating or otherwise, bring them in. Epiphytic bacteria are usually transferred from plant to plant horizontally, traveling in the wind or, again, on the wings and legs of insects.

Different parts of the seed contain different microbes. The coat can have one microbiome, with epiphytic microbes on the surface and endophytic inside the surface. The endosperm, those stored nutrients in seeds, will support completely different kinds of endophytic microbes. Some of these microbes are transient, moving to the soil where they potentially impact the next generation of seeds. One thing is for sure: bacteria are everywhere.

The choice of which bacteria a particular plant species associates with appears to be different for each plant genotype (unique genetic composition). When left to Nature, seed types pass the same groups of bacteria from one generation to the next, carrying on strains that are similar to those of their ancient relatives. Of course, a seed’s microbiome is also influenced by climate, the presence of other microbes, plant breeding, and other agricultural practices. Many of our crop seeds no longer carry the microbes their ancestors did.

One of the tenets of the soil food web is that the plant chooses the bacteria it needs and not the other way around. A recent study showed how a tropical legume tree can even go so far as to change the soil’s pH to attract iron-fixing bacteria so it doesn’t run out of needed nutrients. (Amazing.) There simply is no question: plants are in control when we let them be—not only of the soil bacteria they attract but of who gets to move into them, from the soil.

In short, endophytic bacteria are plant-specific, and specific ones reside inside
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