10

15

20

25

30

WO 2021/221689 PCT/US2020/031199

WHAT IS CLAIMED IS:

1. A system for plant culture, comprising;

a chamber comprising one or more walls enclosing a spatial volume internal to the
chamber, wherein the one or more walls comprise a surface for supporting a plant within the
enclosed spatial volume;

a gas delivery apparatus, comprising at least one gas source;

a nutrient delivery apparatus comprising a reservoir;

a sampling apparatus connected to a port formed in the one or more walls; and

a controller connected to the gas delivery apparatus and the nutrient delivery
apparatus, and configured so that during operation of the system, with a plant entirely
positioned within the enclosed spatial volume of the chamber, the controller:

activates the nutrient delivery apparatus to deliver an aqueous growth medium
to the plant; and
activates the gas delivery apparatus to deliver into the enclosed spatial volume

a mixture of isotopically-substituted gases.

2. The system of claim 1, wherein a height of the enclosed spatial volume measured

between the surface and a wall or wall portion opposite the surface is at least 0.5 meters.

3. The system of claim 2, wherein the height is at least 3.0 meters.

4. The system of claim 1, wherein the enclosed spatial volume is at least 500 L.

5. The system of claim 4, wherein the enclosed spatial volume is at least 1000 L.

6. The system of claim 1, wherein when the chamber is filled with a gas at a pressure of

1.5 atmospheres, a leakage rate of the gas from the chamber is less than 0.5 L/day.

7. The system of claim 1, wherein the leakage rate is less than 0.1 L/day.

8. The system of claim 1, wherein when the chamber is filled with a gas at a pressure p

at a first time, the one or more walls of the chamber are sufficiently impermeable so that the
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gas pressure within the chamber at a second time at least 7 days after the first time is 0.80p or

more.

9. The system of claim 8, wherein the gas pressure within the chamber at the second

time is 0.90p or more.

10. The system of claim 1, wherein the gas delivery apparatus comprises a valve
connected to the controller, and wherein during operation of the system, the controller is

configured to activate the valve to regulate gas delivery from the gas delivery apparatus.

11.  The system of claim 10, wherein during operation of the system, the at least one gas
source comprises a source of nitrogen gas for which an isotopic ratio of 1°N to N is greater

than a ratio of '°N to '*N in atmospheric nitrogen gas.
12.  The system of claim 10, wherein during operation of the system, the at least one gas
source comprises a source of nitrogen gas for which an isotopic ratio of 1’N to *N is greater

than a ratio of *N to *N in atmospheric nitrogen gas.

13. The system of claim 11, wherein during operation of the system, the controller is

configured to adjust the isotopic ratio of '*N to '*N in the chamber.

14, The system of claim 13, wherein during operation of the system, the nitrogen gas

mixture in the chamber comprises at least 0.1 atom% °N.

15.  The system of claim 14, wherein the nitrogen gas mixture comprises at least 0.5

atom% PN.

16. The system of claim 12, wherein during operation of the system, the control is

configured to adjust the isotopic ratio of N to *N in the chamber.

17.  The system of claim 16, wherein during operation of the system, the nitrogen gas

mixture in the chamber comprises at least 0.1 atom% *N.
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18.  The system of claim 17, wherein the nitrogen gas mixture comprises at least 0.5

atom% N.

19.  The system of claim 12, further comprising a gas detector connected to the controller
and configured to generate a measurement signal in response to a presence of one or more gas

species within the chamber.

20.  The system of claim 19, wherein the gas detector is configured to generate a
measurement signal representing the isotopic ratio of 1°’N to N in the chamber, and wherein
the controller is configured to regulate delivery of the nitrogen gas into the chamber based on

the measurement signal.

21.  The system of claim 1, further comprising a gas removal apparatus connected to a

port formed in the one or more walls.

22.  The system of claim 21, wherein the gas removal apparatus comprises an oxygen gas
scrubber.
23. The system of claim 21, further comprising a gas detector connected to the controller

and configured to generate a measurement signal representing an amount of oxygen gas in the

chamber.

24.  The system of claim 23, wherein the controller is connected to the gas removal
apparatus, and wherein during operation of the system, the controller is configured to activate
the gas removal apparatus based on the measurement signal to adjust an oxygen gas

concentration in the chamber.

25. The system of claim 10, wherein during operation of the system, the gas delivery

apparatus comprises a source of carbon dioxide gas.
26.  The system of claim 25, further comprising a gas detector connected to the controller

and configured to generate a measurement signal representing an amount of carbon dioxide

gas in the chamber.
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27.  The system of claim 26, wherein during operation of the system, the controller is
configured to regulate carbon dioxide delivery into the chamber based on the measurement

signal.

28. The system of claim 1, further comprising:

a temperature sensor connected to the controller and configured to generate a
measurement signal representing a temperature within the chamber; and

a temperature regulator connected to the controller,

wherein during operation of the system, the controller is configured to activate the
temperature regulator to control the temperature within the chamber based on the

measurement signal.

29.  The system of claim 28, wherein the temperature regulator comprises a heating

element, a cooling element, or both heating and cooling elements.

30.  The system of claim 1, further comprising a gas detector connected to the controller
and configured to generate a measurement signal in response to a presence of one or more gas

species within the chamber.

31.  The system of claim 30, wherein the gas detector is configured to generate a

measurement signal representing an amount of nitrous oxide in the chamber.

32. The system of claim 30, wherein the gas detector is configured to generate a

measurement signal representing an amount of ammonia in the chamber.

33. The system of claim 10, further comprising an altitude sensor connected to the
controller and configured to transmit altitude information to the controller, wherein the
controller is configured to regulate gas delivery into the chamber based on the altitude

information.
34.  The system of claim 1, further comprising a light source connected to the controller,

and wherein during operation of the system, the controller is configured to activate the light

source to deliver light to the enclosed spatial volume in the chamber.
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35.  The system of claim 1, further comprising a humidity sensor connected to the
controller and configured to transmit information about humidity within the enclosed spatial
volume to the controller, and wherein during operation of the system, the controller is
configured to adjust humidity within the enclosed spatial volume based on the humidity

information.

36. The system of claim 35, further comprising at least one of a humidifier and a de-
humidifier connected to a port formed in the one or more walls, and connected to the
controller, wherein during operation of the system, the controller is configured to activate the
at least one of the humidifier and the de-humidifier to adjust the humidity within the enclosed

spatial volume.

37.  The system of claim 1, wherein the nutrient delivery apparatus comprises a valve
connected to the controller, and wherein during operation of the system, the controller is
configured to activate the valve to regulate delivery of a nutrient medium from the nutrient

delivery apparatus.

38.  The system of claim 37, wherein during operation of the system, with a plant present
in the chamber, the controller is configured to:

obtain nutrient information associated with the plant; and

regulate delivery of the nutrient medium to the plant based on the nutrient

information.

39. The system of claim 1, further comprising a growth monitoring apparatus connected
to the controller and configured to generate a measurement signal comprising information

about growth of a plant within the chamber.

40. The system of claim 39, wherein the growth monitoring apparatus comprises:
a radiation source configured to direct illumination light to be incident on a plant
within the chamber; and

a detector configured to detect light emitted from the plant.

41. The system of claim 40, wherein the detector is configured to detect light emitted

from the plant in three different spectral bands, a first one of the spectral bands having a local
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maximum wavelength between 635 nm and 700 nm, a second one of the spectral bands
having a local maximum wavelength between 520 nm and 560 nm, and a third one of the

spectral bands having a local maximum wavelength between 450 nm and 490 nm.

42. The system of claim 40, wherein the detector is configured to detect light emitted
from the plant in multiple distinct spectral bands, each comprising a local maximum spectral

wavelength.

43. The system of claim 42, wherein the multiple distinct spectral bands comprise three or

more bands.

44. The system of claim 43, wherein the multiple distinct spectral bands comprise five or

more bands.

45.  The system of claim 40, wherein the detector is configured to obtain a hyperspectral
image of at least a portion of the plant, the hyperspectral image comprising, at each of
multiple pixels, distinct light intensity measurements corresponding to different wavelength

bands.

46.  The system of claim 40, wherein the detector is configured to obtain an image of at
least a portion of the plant, the image representing light emitted from the portion of the plant
within a near-infrared spectral band having a local maximum wavelength between 800 nm

and 1400 nm.

47.  The system of claim 40, wherein the detector is configured to obtain an image of at
least a portion of the plant, the image representing light emitted from the portion of the plant
within a short-wavelength infrared spectral band having a local maximum wavelength

between 1400 nm and 3000 nm.
48.  The system of claim 40, wherein the detector is configured to obtain an image of at

least a portion of the plant, the image representing light emitted from the portion of the plant

within an infrared spectral band.
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49.  The system of claim 40, wherein the detector is configured to detect fluorescent light

emitted from at least a portion of the plant.

50.  The system of claim 40, wherein the radiation source is a laser scanner.

51.  The system of claim 39, wherein the growth monitoring apparatus comprises a scale

positioned on or integrated into the surface, and configured to measure a mass of the plant.

52. The system of claim 1, further comprising a soil moisture detector connected to the
controller and configured to generate a measurement signal comprising information about a

percentage of water in a soil within the chamber.

53.  The system of claim 1, further comprising a scale connected to the controller and
positioned on or integrated into the surface, and configured to measure a mass of a soil

supported by the scale.

54.  The system of claim 53, wherein the controller is configured to determine information

about a percentage of water in the soil based on the soil mass.

55.  The system of claim 1, further comprising at least one chemical sensor connected to
the controller and configured to generate a measurement signal comprising information about

an analyte within the chamber.

56.  The system of claim 55, wherein the information about the analyte comprises an

ammonia concentration within the chamber.

57.  The system of claim 55, wherein the information about the analyte comprises an

amount of at least one of nitrate ions and nitrate salts within the chamber.

58. The system of claim 55, wherein the information about the analyte comprises a

nitrous oxide concentration within the chamber.

59. The system of claim 55, wherein the information about the analyte comprises a carbon

dioxide concentration within the chamber.
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60.  The system of claim 1, further comprising at least one sensor connected to the
controller and configured to generate a measurement signal comprising information about a

change in plant mass within the chamber.

61.  The system of claim 60, wherein the at least one sensor comprises a touch-sensitive

sensor.

62. The system of claim 1, further comprising a fluid removal mechanism comprising a
conduit connected to or extending through a port formed in the one or more walls and
configured to extract a fluid from the chamber.

63.  The system of claim 62, wherein the fluid removal mechanism comprises a fluid
pump configured to cause a fluid to flow through the fluid removal mechanism and out of the
chamber.

64.  The system of claim 62, wherein the fluid removal mechanism comprises a pressure-
reducing device that draws fluid through the fluid removal mechanism and out of the

chamber.

65. The system of claim 62, wherein the conduit extends into the chamber and is

configured to extract fluid from a plant within the chamber.

66.  The system of claim 62, wherein the conduit extends into the chamber and is

configured to extract fluid from a soil in which a plant is growing within the chamber.

67.  The system of claim 62, wherein the conduit extends into the chamber and is

configured to capture a portion of a growth medium delivered to a plant within the chamber.

68.  The system of claim 62, wherein the extracted fluid is a liquid.

69.  The system of claim 62, wherein the extracted fluid is a gas.
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70.  The system of claim 62, further comprising a fluid analysis apparatus connected to the

fluid removal mechanism.

71.  The system of claim 70, wherein the fluid analysis apparatus comprises a mass

spectrometry apparatus.

72. The system of claim 70, wherein the fluid analysis apparatus comprises:

a light source configured to direct illumination light to be incident on at least a portion
of the extracted fluid; and

a detector configured to measure light emitted from the at least a portion of the

extracted fluid in response to the illumination light.

73.  The system of claim 1, wherein the sampling apparatus comprises an auxiliary
chamber connected through a sealing mechanism to the chamber such that when the sealing
mechanism is deployed, an interior of the auxiliary chamber is disconnected from the

enclosed spatial volume of the chamber.

74.  The system of claim 1, wherein the sampling apparatus comprises a cover connected

through a sealing mechanism to the chamber.

75. The system of claim 1, further comprising one or more gloves connected through

sealing mechanisms to one or more ports in the one or more walls.

76.  The system of claim 1, wherein the gas delivery apparatus is positioned within the
chamber.
77.  The system of claim 1, wherein the gas delivery apparatus is connected to at least one

port formed in the one or more walls.

78.  The system of claim 1, wherein the nutrient delivery apparatus is positioned within

the chamber.

79. The system of claim 1, wherein the nutrient delivery apparatus is connected to at least

one port formed in the one or more walls.
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80. The system of claim 1, further comprising an inoculation mechanism configured to

deliver an inoculation composition to a plant enclosed within the spatial volume.

81. The system of claim 80, wherein the inoculation mechanism comprises a reservoir for

storing the inoculation composition.

82.  The system of claim 80, wherein the inoculation mechanism comprises a syringe.

83.  The system of claim 81, wherein the inoculation mechanism comprises a conduit
connected to the reservoir and a metering mechanism connected to the controller, and
wherein during operation of the system, the controller is configured to deliver a metered

volume of the inoculation composition to the plant by activating the metering mechanism.

84.  The system of claim 83, wherein the metering mechanism comprises a pump and a
valve.
85.  The system of claim 1, further comprising a port located in the one or more walls,

wherein the port is configured to be selectively opened to deliver an inoculation composition

to a plant enclosed within the spatial volume.

86.  The system of claim 10, wherein the gas delivery apparatus comprises an acetylene
gas source, and wherein the system comprises an ethylene detector connected to the

controller.

87.  The system of claim 86, wherein the controller is configured to measure a rate of
acetylene reduction by a microorganism present in a soil within the chamber by:

activating the valve of the gas delivery apparatus to deliver a quantity of acetylene to
the soil;

after an elapsed measurement time, activating the ethylene detector to measure an
amount of ethylene generated from the acetylene gas by the microorganism; and

determining a rate of acetylene reduction based on the amount of ethylene generated

and the elapsed time.

113



10

15

20

25

30

WO 2021/221689 PCT/US2020/031199

88. A system for plant culture, comprising;

a chamber comprising one or more walls enclosing a spatial volume internal to the
chamber, wherein the one or more walls comprise a surface for supporting a plant within the
enclosed spatial volume;

a gas delivery apparatus comprising a nitrogen gas source and a carbon dioxide gas
source;

a gas removal apparatus connected to a port formed in the one or more walls;

a gas detection apparatus comprising one or more sensors configured to generate
measurement signals comprising information about amounts of oxygen and carbon dioxide in
the chamber;

a nutrient delivery apparatus comprising a reservoir and a fluid conduit connected to
the reservoir; and

a controller connected to the gas delivery apparatus, the gas removal apparatus, the
gas detection apparatus, and the nutrient delivery apparatus, and configured so that during
operation of the system, the controller:

activates the nutrient delivery apparatus to deliver a nutrient medium to a plant
within the chamber to facilitate growth of the plant; and

activates the gas delivery apparatus and gas removal apparatus to adjust
concentrations of oxygen, carbon dioxide, and nitrogen in the chamber, and to adjust an
isotopic ratio of °N to N in the chamber to a value greater than an isotopic ratio of '°N to

YN in atmospheric nitrogen gas.

89. The system of claim 88, wherein a height of the enclosed spatial volume measured

between the surface and a wall or wall portion opposite the surface is at least 0.5 meters.

90.  The system of claim 89, wherein the height is at least 3.0 meters.

91.  The system of claim 88, wherein the enclosed spatial volume is at least 500 L.

92.  The system of claim 91, wherein the enclosed spatial volume is at least 1000 L.

93.  The system of claim 88, wherein when the chamber is filled with a gas at a pressure of

1.5 atmospheres, a leakage rate of the gas from the chamber is less than 0.5 L/day.
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94.  The system of claim 93, wherein the leakage rate is less than 0.1 L/day.

95. The system of claim 88, wherein when the chamber is filled with a gas at a pressure p
at a first time, the one or more walls of the chamber are sufficiently impermeable so that the
gas pressure within the chamber at a second time at least 7 days after the first time is 0.80p or

more.

96.  The system of claim 95, wherein the gas pressure within the chamber at the second

time 1s 0.907 or more.

97.  The system of claim 88, wherein the gas delivery apparatus comprises a valve
connected to the controller, and wherein during operation of the system, the controller is

configured to activate the valve to regulate gas delivery from the gas delivery apparatus.

98.  The system of claim 97, wherein during operation of the system, the at least one gas
source comprises a source of nitrogen gas for which an isotopic ratio of '°N to *N is greater

than a ratio of N to *N in atmospheric nitrogen gas.

99.  The system of claim 98, wherein the adjusted isotopic ratio of °N to N is greater

than 0.01.

100.  The system of claim 88, wherein following adjustment of the isotopic ratio of '*N to

N in the chamber, the nitrogen gas in the chamber comprises at least 0.1 atom% °N.

101.  The system of claim 100, wherein the nitrogen gas in the chamber comprises at least

0.5 atom% °N.
102. The system of claim 88, wherein the gas detection apparatus comprises a gas detector
connected to the controller and configured to generate a measurement signal in response to a

presence of one or more gas species within the chamber.

103.  The system of claim 102, wherein the gas detector is configured to generate a

measurement signal representing an isotopic ratio of >N to N in the chamber, and wherein
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the controller is configured to adjust the isotopic ratio in the chamber based on the

measurement signal.

104.  The system of claim 88, wherein the gas removal apparatus comprises an oxygen gas

scrubber.

105. The system of claim 88, wherein the gas detection apparatus comprises a gas detector
configured to generate a measurement signal representing an amount of oxygen gas in the

chamber.

106.  The system of claim 105, wherein the controller is configured to adjust the oxygen

gas concentration in the chamber based on the measurement signal.

107.  The system of claim 88, wherein the gas detection apparatus comprises a gas detector
configured to generate a measurement signal representing an amount of carbon dioxide gas in

the chamber.

108. The system of claim 107, wherein during operation of the system, the controller is
configured to adjust the carbon dioxide concentration in the chamber based on the

measurement signal.

109. The system of claim 88, further comprising;

a temperature sensor connected to the controller and configured to generate a
measurement signal representing a temperature within the chamber; and

a temperature regulator connected to the controller,

wherein during operation of the system, the controller is configured to activate the
temperature regulator to control the temperature within the chamber based on the

measurement signal.

110. The system of claim 109, wherein the temperature regulator comprises a heating

element, a cooling element, or both heating and cooling elements.
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111.  The system of claim 88, wherein the gas detection apparatus comprises at least one
gas configured to generate a measurement signal in response to a presence of one or more gas

species within the chamber.

112.  The system of claim 111, wherein the gas detector is configured to generate a

measurement signal representing an amount of nitrous oxide in the chamber.

113.  The system of claim 111, wherein the gas detector is configured to generate a

measurement signal representing an amount of ammonia in the chamber.

114.  The system of claim 97, further comprising an altitude sensor connected to the
controller and configured to transmit altitude information to the controller, wherein the
controller is configured to regulate gas delivery into the chamber based on the altitude

information.

115.  The system of claim 88, further comprising a light source connected to the controller,
and wherein during operation of the system, the controller is configured to activate the light

source to deliver light to the enclosed spatial volume in the chamber.

116.  The system of claim 88, further comprising a humidity sensor connected to the
controller and configured to transmit information about humidity within the enclosed spatial
volume to the controller, and wherein during operation of the system, the controller is
configured to adjust humidity within the enclosed spatial volume based on the humidity

information.

117.  The system of claim 116, further comprising at least one of a humidifier and a de-
humidifier connected to a port formed in the one or more walls, and connected to the
controller, wherein during operation of the system, the controller is configured to activate the
at least one of the humidifier and the de-humidifier to adjust the humidity within the enclosed

spatial volume.

118. The system of claim 88, wherein the nutrient delivery apparatus comprises a valve

connected to the controller, and wherein during operation of the system, the controller is
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configured to activate the valve to regulate the delivery of the nutrient medium from the

nutrient delivery apparatus.

119. The system of claim 118, wherein during operation of the system, with a plant present
in the chamber, the controller is configured to:

obtain nutrient information associated with the plant; and

regulate delivery of the nutrient medium to the plant based on the nutrient

information.

120.  The system of claim 88, further comprising a growth monitoring apparatus connected
to the controller and configured to generate a measurement signal comprising information

about growth of a plant within the chamber.

121.  The system of claim 120, wherein the growth monitoring apparatus comprises:
a radiation source configured to direct illumination light to be incident on a plant
within the chamber; and

a detector configured to detect light emitted from the plant.

122, The system of claim 121, wherein the detector is configured to detect light emitted
from the plant in three different spectral bands, a first one of the spectral bands having a local
maximum wavelength between 635 nm and 700 nm, a second one of the spectral bands
having a local maximum wavelength between 520 nm and 560 nm, and a third one of the

spectral bands having a local maximum wavelength between 450 nm and 490 nm.
123.  The system of claim 121, wherein the detector is configured to detect light emitted
from the plant in multiple distinct spectral bands, each comprising a local maximum spectral

wavelength.

124.  The system of claim 123, wherein the multiple distinct spectral bands comprise three

or more bands.

125. The system of claim 124, wherein the multiple distinct spectral bands comprise five or

more bands.
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126.  The system of claim 121, wherein the detector is configured to obtain a hyperspectral
image of at least a portion of the plant, the hyperspectral image comprising, at each of
multiple pixels, distinct light intensity measurements corresponding to different wavelength

bands.

127.  The system of claim 121, wherein the detector is configured to obtain an image of at
least a portion of the plant, the image representing light emitted from the portion of the plant
within a near-infrared spectral band having a local maximum wavelength between 800 nm

and 1400 nm.

128. The system of claim 121, wherein the detector is configured to obtain an image of at
least a portion of the plant, the image representing light emitted from the portion of the plant
within a short-wavelength infrared spectral band having a local maximum wavelength

between 1400 nm and 3000 nm.

129.  The system of claim 121, wherein the detector is configured to obtain an image of at
least a portion of the plant, the image representing light emitted from the portion of the plant

within an infrared spectral band.

130.  The system of claim 121, wherein the detector is configured to detect fluorescent light

emitted from at least a portion of the plant.

131.  The system of claim 121, wherein the radiation source is a laser scanner.

132.  The system of claim 120, wherein the growth monitoring apparatus comprises a scale

positioned on or integrated into the surface, and configured to measure a mass of the plant.

133.  The system of claim 88, further comprising a soil moisture detector connected to the
controller and configured to generate a measurement signal comprising information about a

percentage of water in a soil within the chamber.

134.  The system of claim 88, further comprising a scale connected to the controller and
positioned on or integrated into the surface, and configured to measure a mass of a soil

supported by the scale.

119



10

15

20

25

30

WO 2021/221689 PCT/US2020/031199

135.  The system of claim 134, wherein the controller is configured to determine

information about a percentage of water in the soil based on the soil mass.

136. The system of claim 88, further comprising at least one chemical sensor connected to
the controller and configured to generate a measurement signal comprising information about

an analyte within the chamber.

137.  The system of claim 136, wherein the information about the analyte comprises an

ammonia concentration within the chamber.

138.  The system of claim 136, wherein the information about the analyte comprises an

amount of at least one of nitrate ions and nitrate salts within the chamber.

139.  The system of claim 136, wherein the information about the analyte comprises a

nitrous oxide concentration within the chamber.

140. The system of claim 88, further comprising at least one sensor connected to the
controller and configured to generate a measurement signal comprising information about a

change in plant mass within the chamber.

141.  The system of claim 140, wherein the at least one sensor comprises a touch-sensitive

Sensor.

142.  The system of claim 88, further comprising a fluid removal mechanism comprising a
conduit connected to or extending through a port formed in the one or more walls and

configured to extract a fluid from the chamber.
143.  The system of claim 142, wherein the fluid removal mechanism comprises a fluid

pump configured to cause a fluid to flow through the fluid removal mechanism and out of the

chamber.
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144.  The system of claim 142, wherein the fluid removal mechanism comprises a pressure-
reducing device that draws fluid through the fluid removal mechanism and out of the

chamber.

145.  The system of claim 142, wherein the conduit extends into the chamber and is

configured to extract fluid from a plant within the chamber.

146.  The system of claim 142, wherein the conduit extends into the chamber and is

configured to extract fluid from a soil in which a plant is growing within the chamber.

147. The system of claim 142, wherein the conduit extends into the chamber and is

configured to capture a portion of a growth medium delivered to a plant within the chamber.

148.  The system of claim 142, wherein the extracted fluid is a liquid.

149.  The system of claim 142, wherein the extracted fluid is a gas.

150. The system of claim 142, further comprising a fluid analysis apparatus connected to

the fluid removal mechanism.

151.  The system of claim 150, wherein the fluid analysis apparatus comprises a mass

spectrometry apparatus.

152.  The system of claim 150, wherein the fluid analysis apparatus comprises:

a light source configured to direct illumination light to be incident on at least a portion
of the extracted fluid; and

a detector configured to measure light emitted from the at least a portion of the

extracted fluid in response to the illumination light.

153. The system of claim 88, further comprising a sampling apparatus connected to a port

formed in the one or more walls.

154. The system of claim 153, wherein the sampling apparatus comprises an auxiliary

chamber connected through a sealing mechanism to the chamber such that when the sealing
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mechanism is deployed, an interior of the auxiliary chamber is disconnected from the

enclosed spatial volume of the chamber.

155.  The system of claim 153, wherein the sampling apparatus comprises a cover

connected through a sealing mechanism to the chamber.

156. The system of claim 88, further comprising one or more gloves connected through

sealing mechanisms to one or more ports in the one or more walls.

157.  The system of claim 88, wherein the gas delivery apparatus is positioned within the

chamber.

158. The system of claim 88, wherein the gas delivery apparatus is connected to at least

one port formed in the one or more walls.

159.  The system of claim 88, wherein the nutrient delivery apparatus is positioned within

the chamber.

160. The system of claim 88, wherein the nutrient delivery apparatus is connected to at

least one port formed in the one or more walls.

161. The system of claim 88, further comprising an inoculation mechanism configured to

deliver an inoculation composition to a plant enclosed within the spatial volume.

162.  The system of claim 161, wherein the inoculation mechanism comprises a reservoir

for storing the inoculation composition.

163. The system of claim 161, wherein the inoculation mechanism comprises a syringe.
164.  The system of claim 162, wherein the inoculation mechanism comprises a conduit
connected to the reservoir and a metering mechanism connected to the controller, and

wherein during operation of the system, the controller is configured to deliver a metered

volume of the inoculation composition to the plant by activating the metering mechanism.
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165. The system of claim 164, wherein the metering mechanism comprises a pump and a

valve.

166. The system of claim 88, further comprising a port located in the one or more walls,
wherein the port is configured to be selectively opened to deliver an inoculation composition

to a plant enclosed within the spatial volume.

167. The system of claim 97, wherein the gas delivery apparatus comprises an acetylene
gas source, and wherein the system comprises an ethylene detector connected to the

controller.

168.  The system of claim 167, wherein the controller is configured to measure a rate of
acetylene reduction by a microorganism present in a soil within the chamber by:

activating the valve of the gas delivery apparatus to deliver a quantity of acetylene to
the soil;

after an elapsed measurement time, activating the ethylene detector to measure an
amount of ethylene generated from the acetylene gas by the microorganism; and

determining a rate of acetylene reduction based on the amount of ethylene generated

and the elapsed time.

169. A method of detecting nitrogen incorporation in a plant, the method comprising:

positioning a test plant in a support medium within an enclosed chamber of a plant
culture system;

adjusting a composition of a nitrogen gas mixture within the chamber so that a ratio of
at least two nitrogen isotopes is different from a naturally occurring atmospheric ratio of the
isotopes;

delivering an aqueous growth medium to the test plant to cause growth of the test
plant over a growth period,

performing an isotope analysis of a test plant tissue to determine relative amounts of
the at least two nitrogen isotopes in the test plant tissue; and

comparing the relative amounts of the at least two nitrogen isotopes in the test plant

tissue to reference information to detect nitrogen incorporation in the test plant.
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170. The method of claim 169, wherein adjusting the composition of nitrogen gas
comprises activating a gas delivery apparatus of the plant culture system to deliver nitrogen
gas comprising a ratio of the at least two nitrogen isotopes that differs from a naturally

occurring ratio of the at least two isotopes in atmospheric nitrogen gas.

171.  The method of claim 169, wherein the at least two nitrogen isotopes comprise '°N and

14N.

172.  The method of claim 169, wherein the at least two nitrogen isotopes comprise *N and
14
N.

173.  The method of claim 169, wherein the at least two nitrogen isotopes comprise >N,

14N, and BN.

174.  The method of claim 170, wherein the delivered nitrogen gas comprises at least 20

atom% N.

175. The method of claim 174, wherein the delivered nitrogen gas comprises at least 50

atom% PN,

176.  The method of claim 174, wherein the delivered nitrogen gas comprises at least 90

atom% N.

177.  The method of claim 169, wherein following adjustment of the composition of the

nitrogen gas mixture, the nitrogen gas mixture comprises at least 0.1 atom% °N or 1*N.

178. The method of claim 177, wherein the nitrogen gas mixture comprises at least 0.3

atom% N or *N.

179.  The method of claim 177, wherein the nitrogen gas mixture comprises at least 0.5

atom% N or PN.

180. The method of claim 169, wherein the aqueous growth medium comprises a modified

Hoaglund’s solution.
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181. The method of claim 169, wherein the growth period comprises at least 7 days.

182. The method of claim 169, wherein the test plant tissue comprises root tissue.

183. The method of claim 169, wherein the test plant tissue comprises newly emerged

whorl tissue.

184. The method of claim 169, wherein the test plant tissue comprises top-collared leaf

tissue.

185. The method of claim 169, further comprising harvesting the test plant tissue.

186. The method of claim 185, further comprising:
drying the harvested tissue for a drying time;
grinding the dried, harvested tissue to form a powder; and

performing the isotope analysis on the powder.

187. The method of claim 169, wherein the reference information is derived from tissue of

a reference plant.

188. The method of claim 187, further comprising growing the reference plant with the test

plant in the enclosed chamber of the plant culture system.

189. The method of claim 188, wherein growing the reference plant comprises:
positioning the reference plant in a growth medium within the enclosed chamber of the plant
culture system; and

delivering an aqueous growth medium to the reference plant to cause growth of the

reference plant over the growth period.

190. The method of claim 189, wherein the aqueous growth media delivered to the test and

reference plants are the same.
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191. The method of claim 189, further comprising, prior to positioning the test and
reference plants within the enclosed chamber of the plant culture system, inoculating the test

plant or a seed precursor of the test plant with a bacterial suspension.

192.  The method of claim 191, wherein the bacterial suspension comprises one or more

nitrogen-fixing bacteria.

193.  The method of claim 187, further comprising determining the reference information
by performing an isotope analysis of the reference plant tissue to determine relative amounts

of the at least two nitrogen isotopes in the reference plant tissue.

194. The method of claim 169, further comprising, during growth of the test plant over the
growth period:
measuring a humidity within the enclosed chamber of the plant culture system; and
activating at least one of a humidifier and a de-humidifier to adjust the humidity

according to a humidity reference value for the test plant.

195. The method of claim 169, further comprising, during growth of the test plant over the
growth period:

measuring an oxygen concentration within the enclosed chamber of the plant culture
system; and

activating a gas removal apparatus of the plant culture system to adjust the oxygen

concentration according to a reference value for the test plant.

196. The method of claim 195, wherein the gas removal apparatus comprises an oxygen

scrubber.

197. The method of claim 169, further comprising, during growth of the test plant over the
growth period:

measuring a carbon dioxide concentration within the enclosed chamber of the plant
culture system; and

activating a carbon dioxide gas source to adjust the carbon dioxide concentration

according to a reference value for the test plant.
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198. The method of claim 169, further comprising, during growth of the test plant over the
growth period, adjusting a temperature within the enclosed chamber of the plant culture
system by selectively activating at least one of a heating element and a cooling element of the

system according to one or more temperature reference values for the test plant.

199. The method of claim 169, further comprising, during growth of the test plant over the
growth period, activating one or more light sources of the plant culture system to deliver light

to the test plant according to a illumination reference information for the test plant.

200. The method of claim 169, wherein at least one of the test plant and the support

medium comprises at least one nitrogen-fixing bacterium.

201. The method of claim 200, further comprising inoculating the test plant or a seed
precursor of the test plant with the at least one nitrogen-fixing bacterium prior to positioning

the test plant within the enclosed chamber of the plant culture system.

202. The method of claim 200, further comprising inoculating the test plant with the at
least one nitrogen-fixing bacterium after positioning the test plant within the enclosed

chamber of the plant culture system.

203. The method of claim 200, further comprising determining a relative measurement of

nitrogen fixation by the at least one nitrogen-fixing bacterium.

204. The method of claim 203, wherein determining the relative measurement of nitrogen
fixation comprises:

activating an acetylene gas source to deliver a quantity of acetylene to a portion of the
support medium;

after an exposure interval, measuring an amount of ethylene generated by the at least
one nitrogen-fixing bacterium from the quantity of acetylene; and

determining a rate of acetylene reduction by the at least one nitrogen-fixing bacterium

based on the amount of ethylene generated.

205. A method of identifying a nitrogen-fixing bacterial strain, the method comprising:
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inoculating a test plant or a seed of a test plant with a composition comprising at least
one bacterium of a candidate bacterial strain;

positioning the test plant in a support medium within an enclosed chamber of a plant
culture system;

positioning a reference plant in a support medium within the enclosed chamber;
adjusting a composition of a nitrogen gas mixture within the chamber so that a ratio of at
least two nitrogen isotopes is different from a naturally occurring atmospheric ratio of the
isotopes;

growing the test and reference plants over a growth period within the enclosed
chamber;

determining relative amounts of nitrogen isotopes in test and reference plant tissues;
and

identifying the candidate bacterial strain as a nitrogen-fixing bacterial strain or a non-
nitrogen-fixing bacterial strain based on the relative amounts of at least one nitrogen isotope

in the test and reference plant tissues.

206. The method of claim 205, wherein the reference plant and a seed of the reference

plant are not inoculated with a bacterium of the candidate bacterial strain.

207. The method of claim 205, wherein adjusting the composition of nitrogen gas
comprises activating a gas delivery apparatus of the plant culture system to deliver nitrogen
gas comprising a ratio of the at least two nitrogen isotopes that differs from a naturally

occurring ratio of the at least two isotopes in atmospheric nitrogen gas.

208. The method of claim 205, wherein the at least two nitrogen isotopes comprise '°N and

14N.

209. The method of claim 205, wherein the at least two nitrogen isotopes comprise N and

14N.

210. The method of claim 205, wherein the at least two nitrogen isotopes comprise >N,

14N, and BN.
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211. The method of claim 207, wherein the delivered nitrogen gas comprises at least 20

atom% N.

212.  The method of claim 211, wherein the delivered nitrogen gas comprises at least 50

atom% PN.

213. The method of claim 211, wherein the delivered nitrogen gas comprises at least 90

atom% PN.

214. The method of claim 205, wherein following adjustment of the composition of the

nitrogen gas mixture, the nitrogen gas mixture comprises at least 0.1 atom% '°N or 1*N.

215. The method of claim 214, wherein the nitrogen gas mixture comprises at least 0.3

atom% "N or BN,

216. The method of claim 214, wherein the nitrogen gas mixture comprises at least 0.5

atom% N or BN.

217. The method of claim 205, wherein the growth period comprises at least 7 days.

218. The method of claim 205, wherein the test and reference plant tissues each comprise

root tissue.

219. The method of claim 205, wherein the test and reference plant tissues each comprise

newly emerged whorl tissue.

220. The method of claim 205, wherein the test and reference plant tissues each comprises

top-collared leaf tissue.

221. The method of claim 205, further comprising:

harvesting the test and reference plant tissues from the test and reference plants;
drying the harvested test and reference plant tissues for a drying time;

grinding the dried, harvested tissues to form respective test and reference powders;

and
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analyzing the test and reference powers to determine the relative amounts of nitrogen

isotopes in the test and reference plant tissues.

222.  The method of claim 205, further comprising, if a seed of the test plant is inoculated
with the composition comprising the at least one bacterium of the candidate bacterial strain,
depositing the seed in a support medium to induce germination of the seed to form the test

plant.

223.  The method of claim 222, further comprising, following formation of the test plant,
withholding growth medium from the test plant for an initial period of at least 7 days

following germination.

224,  The method of claim 223, further comprising, following the initial period, delivering a
growth medium to the test plant.

225.  The method of claim 224, wherein the growth medium comprises a modified

Hoaglund’s solution.

226. The method of claim 222, further comprising positioning the test plant within the
enclosed chamber of a plant culture system at a time at least 14 days following germination

of the seed.

227. The method of claim 222, further comprising positioning the test plant within the
enclosed chamber of a plant culture system at a time at least 21 days following germination

of the seed.

228. The method of claim 205, further comprising, during growth of the test and reference
plants over the growth period:
measuring a humidity within the enclosed chamber of the plant culture system; and
activating at least one of a humidifier and a de-humidifier to adjust the humidity

according to a humidity reference value for the test and reference plants.

229.  The method of claim 205, further comprising, during growth of the test and reference
plants over the growth period:
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measuring an oxygen concentration within the enclosed chamber of the plant culture
system; and
activating a gas removal apparatus of the plant culture system to adjust the oxygen

concentration according to a reference value for the test and reference plants.

230. The method of claim 205, further comprising, during growth of the test and reference
plants over the growth period:

measuring a carbon dioxide concentration within the enclosed chamber of the plant
culture system; and

activating a carbon dioxide gas source to adjust the carbon dioxide concentration

according to a reference value for the test and reference plants.

231. The method of claim 205, further comprising, during growth of the test and reference
plants over the growth period, adjusting a temperature within the enclosed chamber of the
plant culture system by selectively activating at least one of a heating element and a cooling
element of the system according to one or more temperature reference values for the test and

reference plants.

232.  The method of claim 205, further comprising, during growth of the test and reference
plants over the growth period, activating one or more light sources of the plant culture system
to deliver light to the test and reference plants according to a illumination reference

information for the test and reference plants.

233. The method of claim 205, further comprising determining a relative measurement of

nitrogen fixation by the at least one bacterium of the candidate strain.

234,  The method of claim 233, wherein determining the relative measurement of nitrogen
fixation comprises:

activating an acetylene gas source to deliver a quantity of acetylene to a portion of the
support medium in which the test plant is supported,

after an exposure interval, measuring an amount of ethylene generated by the at least
one bacterium from the quantity of acetylene; and

determining a rate of acetylene reduction by the at least one bacterium based on the

amount of ethylene generated.
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235. A genetically engineered bacterium comprising a modification in a gene regulating
nitrogen fixation or assimilation, wherein said bacterium is capable of fixing atmospheric

nitrogen substantially throughout the tissues of a plant.

236. The genetically engineered bacterium of claim 235, wherein said modification

comprises a deletion of all or a portion of the coding sequence of the nifl. gene.

237.  The genetically engineered bacterium of claim 236, wherein all or a portion of the

nifl. coding sequence is replaced by the promoter of the cspE gene.

238. The genetically engineered bacterium of claim 235, wherein said modification

comprises a deletion of a portion of the coding sequence of the g/nF gene.

239. The genetically engineered bacterium of claim 238, wherein said deletion of said
portion of the coding sequence of the g/nE gene results in a truncated GInE protein lacking an

adenylyl-removing (AR) domain.

240. The genetically engineered bacterium of claim 235, wherein said modification
comprises a mutant nfrC gene, wherein the mutant ntrC gene encodes a NtrC protein

comprising an alanine residue at position 54.

241. The genetically engineered bacterium of claim 235, wherein said bacterium comprises
a deletion of all or a portion of the coding sequence of the nifl. gene, a deletion of portion of
the coding sequence of the g/nk gene, and a mutant n#rC gene, wherein the mutant n#rC gene

encodes a NtrC protein comprising an alanine residue at position 54.
242.  The genetically engineered bacterium of any one of claims 235-241, wherein said
bacterium is capable of fixing atmospheric nitrogen in one or more of the roots, roots, stems,

leaves, fruits, flowers, seeds, initial growth tissue, and top growth.

243. The genetically engineered bacterium of any one of claims 235-242, wherein said

bacterium is a diazotroph.

132



10

15

20

25

30

WO 2021/221689 PCT/US2020/031199

244.  The genetically engineered bacterium of any one of claims 235-243, wherein said
bacterium is a Klebsiella variicola, Kosakonia sacchari, Klebsiella pneumonia, Azotobacter

vinelandii, or Rahnella aquatilis bacterium.

245.  The genetically engineered bacterium of any one of claims 235-244, wherein said
bacterium is designated 137-3890, represented by 138-3890 bacteria deposited as ATCC
Accession No. PTA-126479.

246. A composition comprising the genetically engineered bacterium of any one of claims
235-245.

247. A genetically engineered bacterium which provides sufficient fixed nitrogen to a plant
for the fixed nitrogen to be detectable in multiple plant tissues, the genetically engineered
bacterium comprising a modification in a gene regulating nitrogen fixation or assimilation,
wherein the modification in the gene regulating nitrogen fixation or assimilation results in
one or more of: constitutive expression of a nifA gene in nitrogen limiting and non-nitrogen
limiting conditions, activity of nifA in non-nitrogen limiting conditions, decreased uridylyl-
removing activity of GInD, decreased adenylyl-removing activity of GInE, and increased

ammonium excretion.

248. A genetically engineered bacterium which provides sufficient fixed nitrogen to a plant
for the fixed nitrogen to be detectable in multiple plant tissues, the genetically engineered
bacterium comprising a modification in a gene regulating nitrogen fixation or assimilation
that results in constitutive expression of a nifA gene in nitrogen limiting and non-nitrogen
limiting conditions and optionally wherein the genetically engineered bacterium further
comprises a modification in a gene regulating nitrogen fixation or assimilation that results in
one or more of: activity of nifA in non-nitrogen limiting conditions, decreased uridylyl-
removing activity of GInD, decreased adenylyl-removing activity of GInE, and increased

ammonium excretion.

249. A genetically engineered bacterium which provides sufficient fixed nitrogen to a plant
for the fixed nitrogen to be detectable in multiple plant tissues, the genetically engineered
bacterium comprising a modification in a gene regulating nitrogen fixation or assimilation

that results in constitutive expression of a nifA gene in nitrogen limiting and non-nitrogen
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limiting conditions and wherein the genetically engineered bacterium further comprises a
modification in a gene regulating nitrogen fixation or assimilation that results in one or more
of’ activity of nifA in non-nitrogen limiting conditions, decreased uridylyl-removing activity

of GInD, decreased adenylyl-removing activity of GInE, and increased ammonium excretion.

250. A genetically engineered bacterium which provides sufficient fixed nitrogen to a plant
for the fixed nitrogen to be detectable in multiple plant tissues, the genetically engineered
bacterium comprising a mutation in the coding sequence of the bacterium’s n#rC gene,
wherein the coding sequence of the ntrC gene comprising the mutation encodes a NtrC
protein with a D54 A amino acid substitution, and wherein the genetically engineered

bacterium is a genetically engineered diazotroph.

251. A genetically engineered bacterium which provides sufficient fixed nitrogen to a plant
for the fixed nitrogen to be detectable in multiple plant tissues, the genetically engineered
bacterium comprising:

a mutation in the coding sequence of the bacterium’s n#rC gene, wherein the coding
sequence of the ntrC gene comprising the mutation encodes a NtrC protein with a D54A
amino acid substitution,

wherein the genetically engineered bacterium further comprises at least one
modification in a gene regulating nitrogen fixation or assimilation that results in one or more
of constitutive expression of a nifA gene in nitrogen limiting and non-nitrogen limiting
conditions, activity of nifA in non-nitrogen limiting conditions, decreased uridylyl-removing
activity of GInD, decreased adenylyl-removing activity of GInE, and increased ammonium

excretion.

252.  The genetically engineered bacterium of claim 250 or 251, wherein the mutation in

the coding sequence of the n#rC results in increased ammonium excretion.

253. The genetically engineered bacterium of any one of claims 247-252, wherein the
modification in a gene regulating nitrogen fixation or assimilation that results in activity of
nifA in non-nitrogen limiting conditions comprises a deletion of all or a portion of the coding

sequence of the bacterium’s nifLL gene.
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254.  The genetically engineered bacterium of claim 253, wherein the deletion of all or a

portion of the coding sequence of the nifL. gene results in the decreased expression of nifL.

255. The genetically engineered bacterium of any one of claims 253-254, wherein all or a

portion of the nifl. coding sequence is replaced by a promoter.

256. The genetically engineered bacterium of claim 255, wherein the promoter is a non-

intergeneric promoter.

257.  The genetically engineered bacterium of any one of claims 255-256, wherein the

promoter is a constitutive promoter.

258.  The genetically engineered bacterium of any one of claims 255-257, wherein the

promoter is an infC gene promoter, an ompX gene promoter, or a cspE gene promoter.

259. The genetically engineered bacterium of any one of claims 247-258, wherein the
modification in a gene regulating nitrogen fixation or assimilation that results in the
decreased adenylyl-removing activity of GInE comprises a deletion of a portion of the coding

sequence of the gInE gene.

260. The genetically engineered bacterium of claim 259, wherein the deletion of a portion
of the coding sequence of the glnE gene results in a truncated GInE protein lacking an

adenylyl-removing (AR) domain.

261. The genetically engineered bacterium of any one of claims 247-249 and 252-260,
wherein the modification in a gene regulating nitrogen fixation or assimilation that results in
increased ammonium excretion comprises a mutation in the coding sequence of the

bacterium’s ntrC gene.
262. The genetically engineered bacterium of claim 261, wherein the coding sequence of

the ntrC gene comprising the point mutation encodes a NtrC protein comprising a D54A

amino acid substitution.
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263. The genetically engineered bacterium of any one of claims 247-249 and 251-262,
wherein the modification in a gene regulating nitrogen fixation or assimilation that results in
constitutive expression of the nifA gene in nitrogen limiting and non-nitrogen limiting
conditions comprises an insertion of the coding sequence of the nif4 gene in the genome of

the genetically engineered bacterium.

264. The genetically engineered bacterium of any one of claims 247-263, wherein the
modification in a gene regulating nitrogen fixation or assimilation that results in constitutive
expression of the nifA gene in nitrogen limiting and non-nitrogen limiting conditions
comprises an insertion of the coding sequence of the nif4 gene and a constitutive promoter in

the genome of the genetically engineered Klebsiella variicola bacterium.

265. The genetically engineered bacterium of any one of claims 247-264, wherein the
engineered bacterium is Agrobacterivm radiobacter, Bacillus acidocaldurius, Bacillus
acidoterrestris, Bacitlus agvi, Bacillus aizawai, Bacillus afbolactis, Bacillus afcalophifus,
Baciltus alvei, Bacillus aminoglucosidicus, Bacillus aminovorans, Bacilius amylolyiicus {also
known as Paenibacillus amylolviicusy Bacillus amyioliguefaciens, Bacillus aneurinolyticus,
Bacitlus atrophaeas, Bucillus azotoformans, Baciltus badius, Bacillus cereus (synonyms:
Bacitius endorhythmos, Bacillus medusa), Bacillus chitinosporus, Bacillus circulons, Bacillus
coagnians, Bacillus endoparasiticus Bocillus fastidiosus, Bacillus firmus, Bacillus kursiaki,
Baciilus lacticola, Bacillus lactimorbus, Bacilius lactis, Bacillus luterosporus (also known as
Brevibacillus laterosporus), Bacillus lautus, Bacilfus lentimorbus, Baciflus lentus, Bacillus
licheniformis, Bacilfus maroccanus, Bacillus megaterinm, Bacillus metiens, Bacillus
mycoides, Bacillus natio, Bacillus nematocida, Bacillus nigrificans, Bacillus nigrum, Bacillus
pantothenticus, Bacillus popillae, Boacillus psychrosaccharoiviicus, Bocillus pumilus,
Bacillus siamensis, Bacillus smithii, Bacillus sphaericus, Bacillus subtilis, Bacillus
thuringiensis, Bocillus uniflagellatus, Bradyrhizobium japonicum, Brevibacillus brevis
Brevibacilius laterosporus (formerly Baciflus laterosporus), Chromobacterium subisugae,
Delftia acidovarans, Lactobacillus acidophilus, Lysobacter antibioticus, Lysobacier
enzymogenes, Paenibaciilus alvei, Paenibacillus polvimyxa, Paenibacillus popillice (formerly
Bacillus popiliiae), Pantoea agglomerans, Pasteuria penetrans (formerly Baciflus
penetrans), Pasteuric usgae, Pectobacterium carofovorum (formerly Frwinia carotovora),
Pseudomonas aeruginosa, Pseudomonas aureofuciens, Pseudomonas cepacia (formerly

known as Burkholderia cepacia), Pseudomonas chiororaphis, Pseudomonas fluorescens,
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Pseudomonas provadix, Pseudomonas putida, Pseudomaonas syvingae, Serratic estomophiia,
Servatic marcescens, Streptomyces colombiensis, Strepiomyces galbus, Strepromyces
goshikiensis, Streptomyces griseoviridis, Streptomyces lavendulae, Streptomyces prasinus,
Streptomyces saraceticus, Strepiomyces venezuelae, Xanthomonas campesiris, Xenorhabdus
luminescens, Xenorhabdus nemaiophila, Rhodococcus globerufus AQT719 (NRRL Accession
No. B-21663), Baciillus sp. AQ175 (ATCC Accession No. 55608), Bacillus sp. AQ 177
(ATCC Accession No. 55609), Bacifius sp. AQ1T8 (ATCC Accession No. 53522}, or

Strepromyces sp. strain NRRL Accession No. B-30145.

266. The genetically engineered bacterium of any one of claims 247-265, wherein the

engineered bacterium is a Kosakonia sacchari bacterium or a Klebsiella variicola bacterium.

267. The genetically engineered bacterium of any one of claims 247-266, wherein the
genetically engineered bacterium comprises a deletion of all or a portion of the coding
sequence of the nifl. gene, a deletion of a portion of the coding sequence of the g/lnE gene,

and a point mutation in the coding sequence of the ntrC gene .

268. The genetically engineered bacterium of any one of claims 247-267, wherein the
genetically engineered bacterium is represented by 137-3890 bacteria deposited as ATCC
Accession No. PTA-126749.

269. The genetically engineered bacterium of any one of claims 247-268, wherein the

multiple plant tissues comprise multiple tissues selected from the group consisting of: root,

leaf, and whorl tissues.
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